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ABSTRACT 
The development of commercial-scale cellulosic ethanol refineries is a 
challenging task, but it is a promising way to increase national energy independence and 
security.  The main barrier to this development is high production costs.  Biomass 
feedstock costs account for more than 30% of the total operational cost.  The Area 
Utilization Factor (AUF) is a significant index representing the amount of agricultural 
residues or energy crops that can be collected and delivered to ethanol facilities.  Most 
biomass studies have used fixed AUF values for feedstock procurement. However, plant 
location can greatly impact feedstock procurement cost. In addition, it is difficult to 
estimate biomass feedstock costs, since no large-scale commercial markets exist.   It is, 
therefore, not easy to make plant siting decisions, as several factors need to be considered 
and evaluated. 
The objectives of this study are: (1) to build a base process and cost model and to 
conduct an economies of scale analysis for a cellulosic ethanol refinery, and. (2) to find 
an effective way to determine optimal plant size and location. 
To model biomass feedstock more practically, the AUF was assumed to be 
normally distribution, with   the mean increasing with distance from the refinery.  
SuperPro Designer was used to build the process model using the dilute-acid 
prehydrolysis and enzymatic hydrolysis method.  The process model was then used to 
conduct the economies of scale analysis and determine the optimal plant size.  For plant 
site selection, suitability analyses to identify the candidate plant locations were conducted 
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by examining the relative significance of siting criteria.  In addition, a GIS tool was 
integrated with a grid analysis method and a mixed-integer programming model to 
determine the optimal plant locations. 
An engineering process model was built for the economies of scale analysis for 
cellulosic ethanol production.  For feedstock procurement, normally-distributed AUFs 
resulted in more practical solutions than AUFs conforming to uniform or sine wave 
distributions.  The result of economic analysis suggests that refineries are better off to 
employ the contract pricing method.  Optimally, plants should be located in areas with 
easy access to transportation facilities, low water cost, low corn basis and high feedstock 
yield. 
In future work, the process and cost model need to be updated to use newer 
versions of SuperPro Designer. More effort need to be put on the selection of AUF 
distribution functions, since normal distributions may not best represent AUF variations.  
The study region, herein limited to local watersheds, need to be expanded to the entire 
Midwest or the whole country. 
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CHAPTER 1 INTRODUCTION 
1.1 BACKGROUND AND MOTIVATION 
America is reliant on fossil oil and most of it is imported from other countries.  In 
order to reduce the dependence on foreign oil, and enhance the national energy security, 
biofuels are part of the solution (Government, 2007).  Fuel ethanol can directly displace 
the imported crude oil and increase national energy independence.  At present, most 
motor vehicles in the U.S. are using gasoline blended with 10% fuel ethanol, called E10 
(Flavin et al., 2006).  In addition, Flexible Fuel Vehicles (FFV) can run on E85 (mixture 
with 85% gasoline and 15% ethanol).  Most fuel ethanol in the U.S. is produced from 
corn but only 12% of gasoline consumption can be replaced if all of corn kernels are 
converted to fuel ethanol (Morrison, 2006).  Fortunately, fuel ethanol can also be 
generated from cellulose-based biomass which is the most abundant carbohydrate source 
on earth (Roehr, 2001).  Moreover, based on Renewable Fuel Standard (RFS) regulations, 
the maximum volume of corn ethanol production is limited to 56.78 billion liters (15 
billion gallons) by 2015 and the goal of fuel ethanol production is set as 136.26 billion 
liters (36 billion gallons) by 2022 (Government, 2007).  The rest of fuel ethanol could be 
produced from biomass feedstock which is an abundant and diverse raw material. 
The industrial revolution brought by the use of fossil fuels greatly improved quality 
of life and played a significant role in economic growth.  However, burning of fossil fuels 
has brought a great deal of greenhouse gas (GHG), such as carbon dioxide, to the 
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atmosphere which largely affects the global climate.  To reduce the GHG emission, there 
is a need to find an alternative for fossil fuels.  Cellulosic ethanol has been recognized as 
the most promising alternative fuels for decreasing GHG emission and global warming 
effect (Larson, 2006; Lynd, 1996). 
Although large amount of money has been spent on biofuels research, such as 
BP’s 10-year, $500 million budget on bio-based energy research (Caesar et al., 2007), a 
cost-efficient way to convert biomass feedstock to fuel ethanol is under investigation.  
The main obstacle with regard to the commercialization of cellulosic ethanol is the 
biomass-to-ethanol conversion cost.  There is a need for designing and optimizing the 
conversion process for commercial production.  In this study, a basic biomass-to-ethanol 
process simulation model is defined and employed to analyze the economies of scale 
based on the biomass feedstock availability.  Several pricing methods proposed to 
refinery facilities for feedstock purchase are evaluated by these corresponding scenarios.  
The results provide valuable insights to facilities for reducing the total operation cost.   
Commercializing cellulosic ethanol is a very complicated systematic project 
which involves the interdependence and interaction studies on industry facilities, 
biological conversion, environment and capital (Lynd, 1996).  Corn feedstock makes up 
50% of the total operating cost (Pimentel and Patzek, 2005), the budget of biomass 
feedstock constitutes the biggest single part in the whole refinery operating cost (Leistritz 
et al., 2007).  Due to the large contribution of feedstock cost to the Unit Ethanol 
Production Cost (UEPC), the proximity to feedstock and raw material procurement area 
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is a significant factor being considered for location studies because the transportation 
costs account for 23% of total delivered feedstock cost (Aden et al., 2002).    For a dry 
grind ethanol refinery (190 million liters/year (50 million gallons/year)), the capital cost 
are $65-$100 million (Solomon et al., 2007; Urbanchuk and Director, 2006).    For 
cellulosic ethanol production, the capital costs are 4 to 5 times higher than dry grind corn 
ethanol (McAloon et al., 2000).  The location studies for biomass refinery are illustrated 
in two case studies in Sangamon and Kaskaskia watersheds.   
1.2 PROBLEM STATEMENT 
Previous literature has shown that Computer Aided Process Design (CAPD) tools 
play a significant role in the commercialization of new product or processing method 
(Petrides et al., 2002).  Aspen Plus® has been employed to model and simulate the corn 
stover ethanol conversion process in 1999 and 2002 (Aden et al., 2002; Wooley et al., 
1999).  Unfortunately, this tool is cost-prohibitive for academic research and it cannot 
deal with batch processes as well as continuous processes (Petrides et al., 2002).  Thus, 
another commercial software package, SuperPro Designer®, has been used to model the 
process and cost of corn ethanol production by universities and research institutes 
(Kwiatkowski et al., 2006; Lin, 2010).  However, there are few SuperPro models for 
biomass-to-ethanol conversion process because there are no commercial-scale plant in 
operation and it is difficult to verify the model and simulation results. 
Most biomass conversion studies have considered biomass cost as a fixed price 
using cost of production or break-even value as the value of the biomass (Graham et al., 
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2007; Jain et al., 2010; Khanna et al., 2008; Styles et al., 2008).  Actually, no market 
currently exists for biomass, but one can project the basic features of such a hypothetical 
commodity market.  In addition, previous studies also fixed the area utilization factor 
(AUF), which is a significant index representing percentage of area used to produce 
biomass feedstock for refinery (Aden et al., 2002; Perlack and Turhollow, 2003) and 
assumed that the likelihood of convincing a producer to sell his biomass is independent of 
distance from the refinery (Aden et al., 2002; Perlack and Turhollow, 2003).  This is not 
realistic and needs to be evaluated further because the refinery is not attractive for famers 
or biomass producers who live further away from the facility. ` 
  Ideal refinery plant site can reduce the budget for feedstock procurement, thus 
increasing product competitiveness.  The capital cost of cellulosic ethanol industries is 
several times greater than corn ethanol (Rismiller et al., 2009), which greatly intensifies 
the importance of location selection.  Making decisions is not straight forward because 
several criteria need to be considered and evaluated.  Most of research is based on 
Weber’s Least Cost Theory (Weber, 1929; Wilson, 2009).  With respect to this specific 
industry, there is a risk to make the siting decision by only taking into account factors in 
terms of economics because the optimal size and location of ethanol facilities are also 
under constraints from government policy, natural resource accessibility, and 
environmental impacts (Minnesota Pollution Control Agency, 2007). 
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1.3  OBJECTIVES 
The goal of this project is to model a hypothetical cellulosic ethanol plant and 
conduct economies of scale analysis.  In order to expedite the commercialization process 
of this industry, the optimal plant location and size were studied. The proposed work in 
regards to the main objective is as follows: 
1. Engineering process modeling and simulation 
Develop an engineering and cost biomass-to-ethanol model for 
refinery economies of scale analysis. 
2. Economies of scale for cellulosic ethanol refinery 
The purpose of this part is to determine how the economies of scale 
is affected by various factors such as variable Area Utilization Factors 
(AUFs), biomass feedstock pricing strategies, transportation cost 
coefficients, feedstock bulk densities and incentives. 
3. Ethanol refinery site selection 
a. Conduct the suitability analysis to identify the candidate plant locations by 
examining the relative significance of siting criteria. 
b. Build a mathematical programming model to determine the optimal plant 
locations and corresponding procurement area. 
 
 
6 
 
1.4 ORGANIZATION OF THIS DISSERTATION 
The dissertation is divided into five chapters that build the engineering process 
model for cellulosic ethanol refineries and determine the optimal plant location and 
capacity.  Chapter 2 provides a review of literature that is relevant to this research.  It 
discusses the previous and current development information in the particular subject area, 
such as biomass-to-ethanol conversion technologies, cellulosic ethanol refinery process 
modeling, economies of scale analysis and plant location studies. 
To investigate the production cost of cellulosic ethanol, a process and cost model 
for the fuel ethanol production using dilute acid prehydrolysis and enzymatic hydrolysis 
is introduced in Chapter 3.  SuperPro Designer (Intelligen, Inc.) is used to build the 
engineering process model.  With the use of Component Object Module (COM), the base 
model can be easily interfaced with the Microsoft Excel spreadsheet. 
Chapter 4 and Chapter 5 analyzes the economic effect of various factors, such as 
feedstock purchasing methods, bulk densities, transportation cost, area utilization factors, 
and incentives.  To make the biomass procurement more practical and economical, the 
AUF values follow the probability density function from the maximum value to 0.  AUF 
values are not only varied, but the AUFmax also varies with the capacity of refineries 
because larger refineries are assumed to be more attractive to biomass producers.   
Chapter 6 and Chapter 7 focus on the biofuel plant location studies, using Illinois 
Sangamon and Kaskaskia watersheds as a case study.  The multiple-criteria methods are 
used to determine candidate locations considering various related factors, such as 
feedstock yield, water availability, the proximity to the transportation facilities, and local 
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corn cash price.  A mathematical programming model is used to determine optimal 
locations out of candidate locations.   The model aims to minimize total shipping cost 
from farms to targeted refineries. 
Chapter 8 is a summary of studies on the cellulosic ethanol production system 
modeling and simulation.  The future work and recommendations are also presented.
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CHAPTER 2 LITERATURE REVIEW 
2.1 ENGINEERING PROCESS MODELING OF CELLULOSIC ETHANOL 
PRODUCTION 
In the United States, more than 95 percent of fuel ethanol is produced from corn 
grains.  However, corn ethanol has been criticized for its low net energy balance, its need 
for intensive arable land and level of water consumption (Giampietro et al., 1997; 
Pimentel, 2003; Solomon et al., 2007).  Cellulosic ethanol is a potential option due to its 
high energy balance, insignificant environment effect and abundant feedstock supply 
(Lynd et al., 1991).   
The energy balance is measured by the Net Energy Value (NEV).  The NEV of corn 
ethanol is estimated as 6.3 MJ/L (dry milling) and 5.37 MJ/L (wet milling) (Shapouri et 
al., 2003).  For cellulosic ethanol, the NEV can be increased to 9 MJ/L (Farrell et al., 
2006).  Measuring the environmental effect, fuel ethanol has fewer GHG emissions than 
gasoline.  Compared to gasoline, corn ethanol has GHG emission reductions ranging 
from 18% to 29%.  Cellulosic ethanol has much higher potential reductions which is 
more than 85% (Wang, 2005). 
To increase the energy independence and security, the “Vision for Bioenergy and 
Biobased Products in the United States” establishes the strategic goal that 388 
commercial-scale biorefineries will be in operation by 2030 and combined production 
capacity is 37 billion gallons (DOE, 2007).  From the perspective of feedstock 
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availability, it is important to investigate the maximum biomass feedstock annually 
supplied in this country.  Assuming the standard conversion rate of cellulosic ethanol 
production is 353.9 L/Mg, 0.4 billion Mg (0.44 billion tons) lignocellulosic feedstock is 
required to achieve the goal (Perlack et al., 2011).  The U.S. Department of Energy 
(DOE) and the U.S. Department of Agriculture (USDA) (2005) conducted the research 
of Billion Ton Study and found that the potential yield of only forestland and 
agricultural land are over 1.18 billion Mg (1.3 billion tons) (Perlack et al., 2005).  Thus, 
the lignocellulosic biomass resources readily available in the U.S. have the potential to 
supply renewable feedstock for biofuel production in the United States (Perlack et al., 
2005). 
2.1.1 DEVELOPMENT OF BIOMASS-TO-ETHANOL CONVERSION TECHNOLOGIES 
In the cellulosic production process, energy crops or agricultural residues are 
hydrolyzed into sugars and then ethanol is produced by sugar fermentation.  There are 
three basic methods being used for biomass hydrolysis process: concentrated-acid 
hydrolysis, dilute-acid hydrolysis, and enzymatic hydrolysis (Brown, 2003).  The acid 
hydrolysis process was carried out in wood saccharification as early as the 1940s, much 
earlier than current enzymatic method (Faith, 1945).  Table 1 shows the advantages and 
drawbacks of hydrolysis technologies: concentrated, dilute-acid and enzymatic methods. 
The dilute-acid method has lower acid consumption and short residence time than 
concentrated acid method.  However, it has low sugar yield because of the formation of 
inhibitory by-products.   In addition, it requires high operation temperature and has 
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equipment corrosion problems (Taherzadeh and Karimi, 2007b).  Compared to acid-
based hydrolysis, cellulose hydrolysis efficiency can reach to 100% enzymatically (Ogier 
et al., 1999; Taherzadeh and Karimi, 2007b).  However, the disadvantages of enzymatic 
hydrolysis are long hydrolysis time (several days) and expensive cost that is much higher 
than sulfuric acid (Taherzadeh and Karimi, 2007a; Tengborg et al., 2001).   
Table 1   Comparison of biomass-to-ethanol technologies. 
 
 Obstacles Advantages Reference 
Concentrated-acid 
 
Low sugar yield, high 
temperature operation, 
equipment corrosion, by-
product formation 
Lower acid 
consumption, short 
residence time 
 
 
Taherzadeh and 
Karimi, 2007a; 
Brown, 2003; 
 
 
 
Taherzadeh and 
Karimi, 2007b; 
Ogier et al., 
1999;  
 
 
 
Tengborg et al., 
2001 
Dilute-acid 
 
Higher acid consumption, 
long residence time. 
High sugar yield, low 
temperature operation, 
less equipment corrosion 
and by-product 
formation 
 
 
Enzymatic  
 
Prohibitive cost and long 
residence time (several days) 
High efficiency of 
cellulose hydrolysis 
 
From pretreated biomass to fermentable sugars, separate hydrolysis and 
fermentation (SHF) and simultaneous saccharification and fermentation (SSF) are two 
basic operational modes for conversion (Vertes et al., 2010).  The two procedures can 
both provide the ideal conditions for enzymatic hydrolysis and ethanol-producing yeast 
respectively (Taherzadeh and Karimi, 2007a).  For example, the temperature range for 
fermentation is from 25oC to 35oC (Jacques et al., 2003), however, the most favorable 
operational temperature for cellulase is higher with a range of 45oC - 50oC (Olsson et al., 
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2006; Taherzadeh and Karimi, 2007a).  SHF has the disadvantage that enzyme activity 
will be greatly reduced with sugar concentration reaching a level of 10.2g/L (Olsson et 
al., 2006).  SSF is developed to combine the two processes into one step which improves 
enzyme kinetics by reducing the product inhibition by quickly fermenting hydrolyzed 
sugar (Olsson et al., 2006). 
During the hydrolysis of cellulose and hemicellulose (two main parts of biomass 
feedstock), xylose and glucose are generated to be fermented into ethanol by 
corresponding yeast.  However, the yeast (Saccharomyces cerevisiae), which is 
commonly used for industrial ethanol production from sugar and starch feedstocks, can 
only metabolize glucose to ethanol under anaerobic conditions (Drapcho et al., 2008).  
Identifying microorganisms that can metabolize both 5-carbon and 6-carbon sugars to 
ethanol is a major challenge.  In the model created by National Renewable Energy 
Laboratory (NREAL), Zymomonas mobilis is added into SSF fermentor and researchers 
reported that Zymomonas mobilis is able to ferment both the glucose and xylose to 
ethanol and carbon dioxide (Aden et al., 2002).  As mentioned before, there is a 
difference between the optimal temperature of enzymatic hydrolysis and yeast 
fermentation.  Therefore, an optimal temperature is needed to be determined in SSF 
(Olofsson et al., 2008).  Considering Zymomonas mobilis cells growing temperature 
range and the optimal temperature for cellulose hydrolysis, the SSF reactor temperature is 
set to 41oC (Aden et al., 2002). 
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2.1.2 DEVELOPMENT OF FUEL ETHANOL ENGINEERING PROCESS MODELS 
Fuel ethanol produced from lignocellulosic or cellulosic biomass is currently being 
developed for commercialization.  A process simulation plays a significant role in this 
process.  Computer Aided Process Design (CAPD) has been used for industries dating 
back to the early 1960s and this technology has expedited the process design and new 
product development extensively (Petrides et al., 2002; Puigjaner et al., 2006; Yu, 2008).   
Microsoft Excel has been widely used for modeling corn ethanol production process.  
In corn ethanol industries, Tiffany and Eidman (2003) presented a spreadsheet model for 
dry-grind ethanol production.  To study the influence of relevant factors has an great 
implication on the success of the ethanol facility and the economic analysis could 
enlighten ethanol producers to seek strategies to control cost (Tiffany and Eidman, 2003).  
Dale and Tyner (2006) built a descriptive engineering spreadsheet model (DM model) 
which is also used for dry grind ethanol production process with regard to economic 
analysis and how the profit is affected under different processing technologies.  Another 
corn ethanol production process is called wet milling.  In order to compare these different 
processes, Li et al. (2010) developed a mass balanced engineering economic model which 
helps ethanol producers make decisions to adopt new emerging technologies.  Microsoft 
Excel® tool is not designed for bioprocess simulation and it becomes time-consuming 
when employed to model facilities constrained by multi-product resources, Although the 
it is used widely for process simulation and modeling (Gosling, 2003).   
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Fortunately, there are several commercialized process simulators designed for 
bioprocess modeling and they are applied to biofuel industries.  U.S. Department of 
Agriculture’s Agricultural Research Service (USDA-ARS) and the U.S. Department of 
Energy (DOE) with the National Renewable Energy Laboratory (NREL) (2000) 
developed two ethanol process models: dry-grind corn ethanol and cellulosic ethanol 
production process.  Both of models are developed on the ASPEN Plus® platform, a 
chemical engineering simulation software package (McAloon et al., 2000).  Kwiatkowski 
et al. (2006) presented a process and cost model for a conventional corn dry-grind 
processing facility using SuperPro Designer® which is used to evaluate new processing 
technologies.  In 2008, Ramirez et al. presented a technical cost model, which is used as a 
tool to test alternative technologies, for corn wet milling processing plant.  In 2009, an 
enzymatic corn wet milling model was developed (based on the wet milling model) using 
conventional technologies to estimate the production cost (Ramírez et al., 2009).  Both 
models were also used to conduct sensitivity analysis for corn cost and composition 
variation.   
In summary, most engineering process models are built for corn ethanol refinery 
(dry-grind or wet milling).  However, there are few studies conducted for modeling 
cellulosic ethanol production process.  Since there is no commercial-scale plant in 
operation, it is not easy to validate the model and simulation results.  Table 2 lists process 
and cost models for fuel ethanol production.  The models for cellulosic ethanol 
production are few but they can facilitate entrepreneurs to find the solution. 
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Table 2   Engineering process studies using different softwares. 
 
Process 
simulators References Approach/outcome 
Microsoft 
Excel 
Spreadsheet 
Tiffany and 
Eidman, 2003
Analysis of various economic factor for dry-
grind ethanol production.
Dale and Tyner, 
2006 
A descriptive engineering spreadsheet model 
was used to understand ethanol dry mill 
production process.
Li et al., 2010 
Built a mass balanced engineering model to 
evaluate quick germ-quick fiber process for 
dry-grind ethanol facilities. 
SuperPro 
Designer 
Ramirez et al., 
2008 
Created an engineering process and cost 
model to estimate the production cost of 
conventional corn wet milling facility. 
Ramirez et al., 
2009 
Developed and engineering process and cost 
model for enzymatic corn wet milling. 
Kwiatkowski et al., 
2010 
 
Kumar and Murthy, 
2011 
Built a process and cost model to evaluate 
processing technologies and products from 
starch-based commodities. 
An engineering process model was developed 
to compare different processing technologies 
in terms of economics and energy use. 
Aspen  
Plus 
McAloon et al, 
2000 
Two ethanol process, corn-to-ethanol and 
lignocellulos-to-ethanol process, are created to 
explore synergies between them. 
Aden et al, 2002 
Investigate the whole process design and cost 
of lignocellulosic ethanol refinery utilizing co-
current dilute acid prehydrolysis and 
enzymatic hydrolysis for corn stover 
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2.2 ECONOMIES OF SCALE FOR BIOMASS REFINERIES 
The concept of economies of scale refers to unit cost reduction with the increasing 
size of the facility (Brown, 2003).  However, it does not mean that the larger the facility 
is, the lower the unit production cost it has.  Actually, there is a tradeoff between cost 
savings of economies of scale and increased feedstock transportation cost (Aden et al., 
2002).  Especially for cellulosic refinery, the feedstock procurement cost accounts for a 
big part (31%) of the total facility operation cost because of the low bulk density (Aden et 
al., 2002).  The determination of optimal refinery plant size, the tradeoff between 
increasing plant size and transportation cost, has an implication for the development of 
bio-refineries. 
Larson and Marrison (1997) assessed the economies of scale for commercial, first-
generation biomass integrated-gasifier/gass turbine combined cycles fueled from energy 
plantations and estimated the optimum capacity of power plant based on the differences 
in delivered biomass costs.  The result shows that the optimum capacity of facility is 
varied by locations because of difference of feedstock cost (Larson and Marrison, 1997).  
To promote the development of fuel ethanol produced from lignocellulosic feedstock, 
Aden et al. (2002) conducted the research on the effect of cellulosic ethanol plant size on 
corn stover collection distance and then examined the optimal minimum plant size under 
assumed conditions.  Moreover, the effects of a number of tradeoffs were considered 
while determining the appropriate plant size which revealed that the increased 
transportation cost will offset the savings from economies of scale (Aden et al., 2002).  
Huang et al. (2009) analyzed the effects of plant size on the ethanol production costs, 
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feedstock shipping costs, electricity availability and emissions.  The optimal plant sizes 
of corn stover refineries are ranged from 2,000 dry Mg/day to 4,000 dry Mg/day(Aden et 
al., 2002; Huang et al., 2009). 
The area utilization factor (AUF) within a given area is a significant index 
representing the percentage of area used for producing biomass feedstocks.  Graham et 
al. (1997) developed cost-supply curves using a GIS-based decision support system to 
quantify wood chips delivery cost to biomass energy facilities in Tennessee.  The result 
shows that the feedstock supply marginal costs change dramatically when the farmer 
participation rate (the proportion of the land that is converted to short-rotation wood 
chips plantations) from 100% to 50% or 25% (Graham et al., 1997).  In this study, the 
farmer participation rate is similar to AUF.  Aden et al. (2002) estimated the corn stover 
collection area based on the residue that can be collected per acre, the fraction of 
surrounding farmland from which stover can be collected and the fraction of farmland 
dedicated to crops.  Not all of stovers are collected from the field due to some soil 
corrosion and nutrition issues (McNaull, 2010).  In 2010, Huang et al. used the product 
of two factors (fraction of total farmland and fraction of surrounding farmland for the 
specific crop) to calculate the feedstock availability (Huang et al., 2009).  Deepak et al. 
(2011) assumed the refinery is located at the center of cropping area and the percentage 
of cropping land is 45% no matter how far away the collection area is from the refinery. 
Corn stover ranks the No.1 biomass residue in the United States and it has the potential 
of providing 23 to 53 billion liters (6 to 14 billion gallons) of fuel ethanol (Glassner et 
al., 1998).  As mentioned above, the feedstock collection distance has a great effect on 
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the transportation cost which offsets the refinery savings due to economies of scale.  
Therefore, it is necessary to research how much corn stover can be collected without 
impacting sustainability.  Table 3 shows the previous studies on the corn stover 
collection. 
Table 3  Summary of studies on sustainable corn stover collection. 
 
Reference Collection rate 
Cover & Disadvantages, 
1986 
Leaving a cover of 1.6 tons/ha (0.7 tons/acre) on a silt 
loam soil having a 10% slope effects a 92% erosion 
reduction from a moldboard plow. 
 
Wyman & Hinman, 1990 The collection rate of corn stover is 58% for no-till 
fields. 
 
Lindwall et al., 1996 Residue coverage 20%-65% is recommended. 
 
Glassner et al., 1998 Present equipment limits corn stover collection to 
about 70%. 
 
Perlack & Turhollow, 
2003 
The total stover harvest is assumed as 1.1dry 
tons/acre with 35% collection rate. 
 
Andrews, 2006; Graham et 
al., 1997; Graham et al., 
2007 
The corn stover collection rate listed above is 
sustainable does not mean that it is also sustainable in 
other places. 
2.3 ETHANOL PLANT SITE SELECTION 
Scientists have developed and applied Geographical Information System (GIS) in 
the field of location science for decades (see Table 4).  The location studies can date back 
to 1970s and there are some related papers published for ethanol plant siting.  Researcher 
and scientists tried to determine the optimal locations based on minimum traveling time 
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and least transportation cost.  The concept of superimposing multiple thematic maps to 
identify optimal locations was proposed and described by Ian McHarg (1969).  The map 
overlay process method was widely adopted in various GIS software tools used today.  
The invention of GIS technology caused a revolution in spatial data analysis (Clarke, 
1997) and it has been used for spatial data analysis supporting location studies since the 
1970s (Church, 2002).  Durfee (1974) developed a geographically oriented information 
system designed to forecast the spatial distribution and ecological effects of activities 
within a study region.  To identify the tradeoffs between different candidate sites and 
various siting issues, in 1979, Dobson presented the result of a research project with 
regard to rate the suitability of each alternative site by using an automated regional 
screening procedure (Dobson, 1979).  In this study, multiple sets of criteria were defined 
to examine different opinions and perspectives on each land parcel within any study 
region.   
In the past decades, grid analysis method, which is a quantitative technique used to 
rank and compare options using subjective opinions (London, 2012), has been widely 
employed in determining the most suitable sites for facility locations.  Due to the lack of 
attention paid to the attribute weights selection for multi-attribute decision analysis, 
Hobbs (1980) compared two weighting methods applications in a location study of 
power plants.  The results derived from the two methods differed significantly 
suggesting that the success of plant siting greatly depends on the weighting methods 
chosen (Hobbs, 1980).  In 1989, Banai-Kashani introduced the analytic hierarchy 
process (AHP), a method to judge the relative importance of factors in site suitability 
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analysis (Banai-Kashani, 1989).  In order to combine GIS spatial studies, Velazquez and 
Fernandez (2010) created a network from a digital map and the determination of optimal 
plant location is facilitated by linear programming techniques. 
Table 4   Literatures on location studies. 
 
Type of 
Industries References Approach/outcome 
Non fuel 
ethanol 
Durfee, 1974 
A geographically oriented information system is 
designed for spatial distribution within a study 
region
Dobson, 1979 Rate the suitability of each alternative site by using an automated regional screening procedure
Hobbs, 1980 Compared two weighting methods applications in a siting study of power plants
Banai-Kashani, 
1989 
The analytic hierarchy process (AHP) is 
introduced to the site suitability analysis 
Malczewski, 
2006 
Multicriteria evaluation procedure for the GIS-
based land suitability analysis in Mexico 
Velazquez-Marti 
& Fernandez-
Gonzalez, 2010 
 
Ha et al., 2010 
Created a network from a digital map and the 
determination of optimal plant location is 
facilitated by linear programming techniques 
 
GIS methods were used to determine optimum 
locations for mobile pyrolysis units for bio-oil
Fuel 
ethanol 
Ravula, 2007 Traveling time is calculated to determine the location of the processing plant. 
Wilson, 2009 
BIOFLAME (Biofuels Facility Location Analysis 
Modeling Endeavor) was built for identifying the 
ideal cellulosic ethanol biorefinery location
Haddad et al., 
2010 
Employed probit regressions to examine the 
relative importance of several location factors for 
corn ethanol industry
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GIS has also been adopted for spatial analysis in the area of fuel ethanol industries 
in recent years.  Ravula (2007) conducted the facility location and production area 
analysis for a biomass to ethanol conversion plant.  The traveling time from satellite 
storage locations to plants is calculated to determine the location of the processing plant 
and to consider the procurement problems (Ravula, 2007).  In 2009, Wilson developed a 
software package, BIOFLAME (Biofuels Facility Location Analysis Modeling 
Endeavor), which is used for identifying the ideal cellulosic ethanol biorefinery location 
minimizing the transportation and farm-gate costs.  In this software, users are allowed to 
choose the tasks through an interface: study area selection, suitability analysis, feedstock 
analysis, and facility siting (Wilson, 2009).  Haddad (2010) employed probit regressions 
(which is used to model dichotomous or binary outcome variables) to examine the 
relative importance of several location factors for corn ethanol industry in the Midwest 
corn belt.  This study concluded that the factor of feedstock supply that has the most 
important producers is the proximity to the source of feedstock (Haddad et al., 2010).  In 
2010, Ha et al. used GIS methods successfully to determine ideal locations for mobile 
pyrolysis units using corn stover and bioenergy sorghum as feedstocks.  To reduce the 
transportation cost of bulky biomass feedstock, the concept of converting the feedstock 
energy to high-density bio-oil was proposed to decrease shipping cost greatly and 
strengthen the competitiveness of bioenergy production from crop residues in the North 
Central states (Ha et al., 2010). 
In summary, GIS have been successfully and widely applied to spatial analysis to 
support location studies since the 1970s.  With the facilitating functions of GIS, various 
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location models were developed based on a number of technical and basic research 
methods.  In the early decades since the 1970s, siting analysis with GIS was used for 
ideal power plant location identifications.  These location models have been classified 
into two categories: single facility location model and multiple facility location model 
(Church, 2002).  With the promotion of development of fuel ethanol as an alternative to 
conventional transportation fossil fuels, the facility location studies have been switched 
their focus to biofuel industries.  
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CHAPTER 3 MODELING OF CELLULOSIC ETHANOL REFINERY 
 
The emerging lignocellulose-to-ethanol industry is still in a state of flux, for while 
technology exists that can break down the cellulose and hemicellulose to produce 
ethanol, the technology is not cost effective and thus has not yet been commercialized.  
To promote cellulosic ethanol as an alternative to conventional transportation fuels, The 
U.S. Department of Energy (DOE) and the U.S. Department of Agriculture (USDA) 
have sponsored several programs devoted to engineering research on pilot or 
demonstration facilities (Aden et al., 2012).  In addition, numerous scientists and 
researchers in universities and oil companies are engaged in novel research devoted to 
commercial-scale production (Haigwood and Durante, 2010). 
This chapter presents a complete engineering process design and economic analysis 
model of known tested technology.  In this model, the dilute acid method (high sugar 
yield and low temperature operation) was adopted to treat the lignocellulosic feedstock to 
facilitate and expedite the process of cellulose and hemicellulose hydrolyzation. The base 
model was built using SuperPro Designer (Intelligen Inc.).   MS Excel is used for setting 
up initial values of variables.  Component Object Module (COM) technology enables the 
interfacing between MS Excel and the base model.  The model implementation can be 
conducted through operations in MS excel.  The Monte Carlo Simulation (MCS) also can 
be implemented through MS excel in Crystal Ball for analyzing the risk and sensitivity of 
uncertain model variables, revealing which variables have the most significant impact on 
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the unit ethanol product cost (UEPC).  Result suggests how to decrease the plant 
production cost.  Use of this model, in conjunction with logistic and cost models will 
allow for study of economy or diseconomies of scale.  In addition, the process and cost 
model could also be utilized as a research tool to test and evaluate new emerging 
processing and conversion technologies and products from lignocellulosic raw materials. 
3.1 ENGINEERING MODEL DEVELOPMENT 
Unlike corn ethanol production, the conversion technology from cellulosic 
feedstock to fuel ethanol is not mature.  The structural differences between cellulosic 
biomass and corn determine the different procedures for producing fuel ethanol.  
Compared to starch bound by alpha bonds, cellulose is bound by beta bonds making more 
difficult to hydrolyze into glucose monomers (McAloon and et al., 2000).  Thus more 
complex hydrolysis methods need to be exploited for cellulose saccharification.  In 
addition, it is more difficult to ferment five-carbon sugars to ethanol.  From the 
perspective of co-product, cellulosic ethanol production does not have co-production that 
is as valuable as dried distillers grains with solubles (DDGS).  The only co-product is 
lignin, how to utilize it to contribute to revenue become critical.  Due to the bottlenecks 
and challenges, the engineering process model needs to consider the following parts: (1) 
efficient cellulose hydrolysis; (2) efficient five-carbon sugar fermentation; (3) value-
added utilization of lignin. 
3.1.1 CONVERSION PROCESS DESCRIPTION 
In recent years, the treatment of lignocellulosic biomass with dilute sulfuric acid 
has been primarily used as a means of hemicellulose hydrolysis and pretreatment for 
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enzymatic hydrolysis of cellulose (Lee et al., 1999).  In my study, the basic model uses 
corn stover as a feedstock but it is very convenient to switch to other feedstocks (such as 
Miscanthus or switchgrass) in the SuperPro Designer® platform.  The biomass-to-ethanol 
conversion consists of several main parts such as feedstock handling & pretreatment, 
simultaneous saccharification & fermentation (SSF), fuel ethanol distillation & 
dehydration, and lignin incineration.  The main product derived from this process is fuel 
ethanol and the co-products are lignin (burned to generate steam for ethanol production) 
and carbon dioxide (sold for beverage companies).  
The process is built on unit process models that operate on process flows.  Process 
flows are described by the composition of the material flowing.  SuperPro Designer has 
the capacity to perform material and energy balance calculations and generate the 
economic and environmental report.  The process model was built based on flow diagram 
showed in Figure 1.  Properties and economic parameters of these pure components and 
mixtures, which are not available in build-in databanks, are set based on literatures.  The 
built-in cost model is used to estimate the equipment purchase cost which is based on 
market prices in 2009.  It is easy to update the cost data of 2009 to the present year by 
using a cost index factor, the quotient of present index value and 2009 index value.  The 
common index permits fairly accurate estimates if the period involved is less than ten 
years.  In this model, the wastewater treatment is not considered, the cellulosic ethanol 
plant operates 24 hours per day, 350 days per year and the nominal capacity of plant is 
approximately 2,000 Mg/day of corn stover.  
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Figure 1  Process flow diagram of cellulosic ethanol converted from biomass: yellow 
boxes show the process inputs and outputs; green boxes show the process methods and 
equipment. 
 
3.1.1.1  Feedstock preperation 
For the base model, corn stover bales are shipped to the refinery for on-site storage.  
The storage silo (SL-102) is able to provide feedstock for three days of operation.  In 
order to obtain adequate yields in the conversion process of fuel ethanol, size reduction 
(comminution) is the first step for the biomass processing and conducted by grinders 
(GR-101), the biomass feedstock is chopped into desired size and the increased surface 
area can extensively accelerate the hydrolysis of cellulose and hemicellulose. 
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3.1.1.2  Prehydrolysis and neutralization 
Hydrolysis is the conversion of carbohydrate polymers (cellulose and 
hemicellulose) to fermentable simple sugars.  There are two main commonly used 
methods: acid based hydrolysis and enzyme based hydrolysis (Brown, 2003).  Dilute 
sulfuric acid method is used for hydrolysis of cellulose and hemicellulose in this model 
because it reduces the quantity of acid and the associated costs as compared to use of 
concentrated sulfuric acid.  As mentioned before, the cellulose hydrolysis is more 
difficult.  Thus enzymatic hydrolysis method is used for remaining cellulose hydrolyzed 
into glucose.   
Unit IDs of SuperPro model for following mentioned processing equipments can 
be found in Appendix.C.  The comminuted feedstock from grinders is sent to the stirred 
reactor (V-107).  The process is accelerated by operation at elevated temperatures: 100-
160ºC for hemicellulose and 180-220 ºC for cellulose (Brown, 2003).  Therefore, a heater 
(HX-102) is set before the reactor to heat the slurry to 192oC.  This process involves 
breaking the cellulose and hemicellulose polymers down to monomers.  The 
lignocellulosic materials are exposed to 9% dilute sulfuric acid at 192 oC for 3 hours 
(Brown, 2003).  The reaction efficiency for hemicellulose being converted to pentose (5 
carbons) and hexoses (6 carbons) can reach to 90% (Equation 1) (Taherzadeh and 
Karimi, 2007b).    Since most of hemicellulose is converted to sugars, the porosity and 
surface area of lignocellulosic biomass are greatly increased.  The remaining mash 
consisting of lignin and cellulose, will be enzymatically broken down to glucose. The 
conversion rate of glucose from cellulose is only 50% (Equation 2) (Taherzadeh and 
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Karimi, 2007b).  Cellulose is an organic compound and the chemical formula is 
approximated as (ܥ଺ܪଵ଴ܱହሻ௡ for chemical equation. 
       acid5 8 4 2 5 10 5( ) ( )diluten nnC H O H O C H O    (90% conversion)                          (1)  
                                                                                               
      6 10 5 2 6 12 6dilute acidn n nC H O H O C H O   (50% conversion)                    (2) 
 
ܥ௔ܱ ൅ ܪଶܵ ସܱ ൅ ܪଶܱ ൌ ܥ௔ܵ ସܱ ∙ 2ܪଶܱ								(50% conversion)                           (3) 
 
The liquid (pentose, hexoses and glucose included), from the hydrolysis reactor, 
needs to be neutralized with limestone before being sent to a Simultaneous 
Saccharification and Fermentation (SSF) reactor (FR-101).  To avoid the inhibition of the 
activities of fermentation organisms, the toxic compound needs to be removed from the 
hydrolysate by acidic waste neutralization.   The by-product, gypsum (CaSO4·2H2O) 
(Equation (3)), is generated through the reaction between sulfuric acid and lime (CaO).    
3.1.1.3  Simultaneous Saccharification and Fermentation (SSF) 
The neutralized stream, consisting of pentose, hexoses, glucose and non-hydrolyzed 
cellulose, is sent to the SSF reactor (FR-101).  There are two main operations occurring 
in this reactor: hydrolysis of cellulose to glucose (Equation (4)) and fermentation of 5-
carbon and 6-carbon sugars to ethanol (Equation (5) and (6)).  SSF is one of the most 
successful methods adopted to ethanol production from lignocellulosic materials 
(Taherzadeh and Karimi, 2007b).  The advantage of this method is that the yeast can 
ferment the glucose to ethanol immediately upon production which greatly reduces 
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substrate inhibition of the hydrolysis rate and cellulose activities (Taherzadeh and Karimi, 
2007a, Xiao et al., 2004).   
The saccharification of cellulose to glucose is operated by cellulase enzymes which 
are purchased from the enzyme manufacturers.  The enzymatic hydrolysis process 
consists of three steps: adsorption of cellulase to cellulose surface, biodegradation of 
cellulose to glucose, and cellulase desorption (Taherzadeh and Karimi, 2007a).  The 
drawback of this process is that cellulase and fermenting microorganisms has different 
optimal operating temperatures.  Cellulase has optimum activity when the temperature 
ranges from 40oC to 50oC, while the yeast’s optimum temperature is between 30oC and 
35oC (Taherzadeh and Karimi, 2007a).  To compromise the optimal temperatures, the 
operating temperature in SSF is set as 38oC (Tengborg, 2000). 
 
     6 10 5 2 6 12 6SSFn n nC H O H O C H O   (90% conversion)                        (4) 
5 10 5 2 6 23( ) 5( ) 5( )
SSF
n n nC H O C H O CO   (85% conversion)                       (5) 
6 12 6 2 6 2( ) ( ) ( )
SSF
n n nC H O C H O CO  (94% conversion)                              (6) 
 
The purpose of the fermentation process is to convert upstream hydrolysate, the 
mixture of fermentable sugars, to ethanol with the help of fermentation organisms.  For 
example, there are two kinds of fermentable sugars in the reactors: one is 6-carbon sugars 
(glucose and hexose), the other one is 5-carbon sugars (pentose).  Although 
Saccharomyces cerevisiae is the most widely-used yeast for 6-carbon sugar fermentation 
(Jacques et al., 2003), it does not work for fermenting 5-carbon sugars to ethanol.  To 
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take advantage of the SSF technology, it is necessary to identify an efficient 
microorganism that ferment both kinds of sugars.  Zymomonas mobilis, must be 
incubated in a seed fermentation train of vessels, is used in this model to ferment glucose 
and pentose to ethanol (Aden et al., 2002). 
3.1.1.4  Distillation 
The anhydrous ethyl alcohol (>99.83%) is recovered from the distillation process.  
A multi-effect evaporator (EV-101), a condenser, a molecular sieve dehydrator, and three 
continuous distillation unit procedures (C-102, C-103, and C-104) are developed to 
conduct the distillation process.   The beer column (C-102) is used to simulate the 
fractionation of volatile components (a mixture of ethanol, water and non-fermentable 
material).  The non-fermentable materials are from the column bottom and fed to the 
Multi-Effect Evaporator where water is recovered and used to generate steam.  The 
mixture of ethanol and water is fed to rectifier (C-103) where the concentration 
(mass/mass) of the mixture is distilled from 71% to 95%.   The mixture of water and 
ethanol from the rectifier bottom (99.8% water content) is sent to the pretreatment 
procedures.  Through the dehydration process through the molecular sieve and condenser, 
the final concentration of ethanol can reach to 99.83% (mass/mass).  The final product, 
from condenser, is mixed with 5% (volume/volume) natural gasoline (denaturant) to 
avoid beverage alcohol tax (Jacques et al., 2003).  The stripper is the standard unit 
procedure for distillation. 
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3.1.1.5  Incineration 
In contrast with corn ethanol plant, the co-product is lignin rather than DDGS 
(distiller’s dried grains with soluble). To utilize lignin to create credits that contributes to 
the revenue, it can be used as a boiler fuel for steam generation.   In SuperPro Designer 
7.5, there is a unit procedure for inceneration which was adopted to simulate the burning 
of lignin and other carbohydrate wastes, the high-temperature flue gas was sent to the 
heat exchanger procedure to heat cool water to steam. 
3.1.2  FEEDSTOCK IMPACTS 
Cellulose and hemicellulose, which accounts for about 2/3 of the total dry mass of 
lignocellulosic crops (Hames et al., 2003), are two critical components determining how 
much ethanol can be produced.  The basic building block of cellulose is cellobiose, a 
linear polymer, which is a compound of two glucose molecules (Brown, 2003).  
Cellobiose units aggregate to form cellulose with crystalline regions.  The hydrogen 
bonds, formed by randomly oriented molecules, make the polymer difficult to break 
because it is relatively inert to chemical treatment and resistant to most solvents.  Glucose 
monomers will be generated through hydrolysis of cellulose.  Hemicellulose consists of 
hexoses, pentoses and deoxyhexoses.  Compared to cellulose, the hemicellulose is 
relatively easier to hydrolyze because of lower degree of polymerization and lack of 
crystallinity.  The final 1/3 of the dry mass is mostly comprised of lignin and other solids 
which cannot be converted to ethanol by any known biochemical method.  Lignin is the 
non-carbohydrate fraction of lignocellulose that fills the spaces in the cell walls between 
cellulose and hemicellulose.  Biochemical ethanol production process produces lignin as 
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a by-product because it cannot be depolymerized to its original monomers.  The 
composition of corn stover (comprised of stalks, leaves, cobs, and husks) and miscanthus 
is listed in Table 5. 
Table 5   Composition of corn stover and Miscanthus (Aden et al., 2002). 
 
 Corn stover Miscanthus 
Cellulose 41% 44.35% 
Hemicellulose 24% 24.19% 
Lignin 18% 17.14% 
Ash 5% 3.23% 
Other solids 12% 11.09% 
 
The ethanol yield is determined by the content of cellulose and hemicellulose in 
feedstocks.  Low content will lead to low ethanol yield and high conversion cost.  This 
process model is trying to predict the unit production of fuel ethanol produced from 
various biomass feedstocks.  In the following sections, the details of capital cost and 
operation cost will be elaborated.  In addition, the impacts of particular feedstocks are 
illustrated in the following chapters. 
3.2 COST MODEL DESCRIPTION 
3.2.1 CAPITAL COST 
The total capital cost includes: total plant direct cost (TPDC, which is the sum of 
first nine items.), total plant indirect cost (TPIC, which is the sum of item 10 and 11.) and 
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other cost such as contingency fee and auxiliary facilities, which is given in Table 6. 
TPDC is developed from the equipment purchase cost, installation fee, process piping, 
instrumentation, insulation, electrical, buildings, yard improvement and auxiliary 
facilities. Both of them are estimated by multiplying TPDC with a factor.  The 
contractor’s fee is contractor’s profit, which is estimated to be 5 percent of TPC or 8 
percent of TPDC.   A contingency factor is usually included in an estimate of capital 
investment to compensate for unpredictable events, such as storms, floods, strikes, price 
changes, small design changes, errors in estimation, and other unforeseen expenses 
(Peters et al., 2003).  The total capital cost ($180,262,000.00) was 5 times more than the 
equipment purchase cost in this model. 
 
Table 6   Total plant capital cost ($ in 2009, the capacity is 2000Mg/day), the cost 
of equipment and raw materials are calculated into price in 2009. 
 
Total Plant Cost (TPC)                                                                       
1. Equipment Purchase Cost 31,587,000.00
2. Installation 6,998,000.00
3. Process Piping 11,055,000.00
4. Instrumentation 1,2635,000.00
5. Insulation 948,000.00
6. Electrical 3,159,000.00
7. Buildings 14,214,000.00
8. Yard Improvement 4,738,000.00
9. Auxiliary Facilities 12,635,000.00
10. Engineering 24,492,000.00
11. Construction 34,289,000.00
12. Contractor's Fee 7,837,000.00
13. Contingency 15,675,000.00
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3.2.2 OPERATING COST 
Table 7 shows the annual operating cost summary report for the 2000 Mg/day 
refinery.  This report is generated by SuperPro Designer build-in functions.  It tabulates 
the total operating cost, individual cost incurred by each items and the percentage for 
each individual cost as well.  For example, the raw material cost can account for 52%. 
3.2.2.1  BIOMASS FEEDSTOCK 
The high cellulosic content of corn stover makes it a favorable feedstock for 
ethanol production.  This 2000 Mg/day (dry matter) plant consumes 700,000 Mg corn 
stover per year, so roughly 1 Mg of corn stover can produce 392 liters of fuel ethanol 
(Aden et al., 2002).  $77.27/Mg was set for corn stover price, which is based on numbers 
in literature (the detailed calculation and assumption can be found in next chapter), in this 
model (Ma and Eckhoff, 2012), so the corn stover feedstock cost ethanol producers 20 
cents per liter fuel ethanol produced. It is lower compared to the corn ethanol plant the 
production cost of which is more than 26 cents per liter. 
3.2.2.2  UTILITIES 
The utility cost consists of electricity, steam, cooling water, and process water 
which are required for the plant operation.  Table 8 shows the annual utility cost and 
percentages for each kind of utility.  This report is also generated by SuperPro Designer 
build-in functions.  The unit cost for utilities varies with different locations, consumption 
quantity, quality, and distance to the source. In this model, these utilities’ price was set 
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as: $0.064/kWh for electricity (EIA, 2012), $0.00035/liter for cooling water 
(Kwiatkowski et al., 2006).  
Table 7   Annual operating cost summary.   
              
Cost Item $ % 
Raw Materials 71,390,000.00 52.05 
Labor-Dependent 6,082,000.00 4.43 
Facility-Dependent 17,877,000.00 13.04 
Laboratory/QC/QA 912,000.00 0.67 
Utilities 4,454,000.00 3.25 
Transportation 36,428,000.00 26.56 
TOTAL 137,144,000.00 100.00 
 
Table 8   Utilities cost summary. 
 
Utility Annual Amount Reference Units Annual Cost ($) % 
Electricity 17,956,780.00 kWh 1,466,083.00 32.92 
Cooling Water 19,727,738,366.00 kg 2,876,625.00 64.58 
Chilled Water 29,608,894,540.00 kg 111,318.00 2.50 
TOTAL 4,454,026.00 100.00 
3.2.2.3  TRANSPORTATION 
Transport by truck (bulk) procedure was defined to estimate the shipping cost 
associated with the transportation of corn stover feedstock.  The total cost consists of 
fixed cost, quantity dependent cost, quantity and distance dependent cost.  To meet the 
demand of 2000 Mg/day refinery, the average shipping distance was set to 50 miles and 
41,177 shipments per year was required.  In Chapter 4 and 5, the model will be used to 
generate UEPC without considering transportation cost.  The transportation cost adopted 
for economy of scale analysis is calculated based on variable cost and fixed cost. 
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3.2.2.4  OTHER EXPENSES 
Labor-dependent costs were calculated based on employee-hours for each type 
and determined by the appropriate charging rate.  Facility-dependent cost accounts for the 
depreciation of the fixed capital investment, equipment maintenance, insurance, and local 
(property) taxes. Laboratory/QC/QA accounts for the cost of off-line analysis and quality 
control costs. 
3.2.2.5  DENATURANT COST 
The price of natural gasoline is $0.449/liter (Liquidity Partners, LP, 2009) which 
contributes 2.25 cents to the cost of 5% denaturant mixing bio-ethanol fuel.  
3.2.2.6  PRODUCT VALUE AND UNIT ETHANOL PRODUCTION COST (UEPC) 
The main product is fuel ethanol which is produced by blending the ethyl alcohol, 
from distillation process, with natural gasoline.  The revenue and profit is mostly 
contributed by fuel ethanol the selling price of which was set at the model is $0.51/liter 
($1.94/gal) (Urbanchuk, 2009). The co-product of lignocellulosic ethanol plant is lignin 
and carbon dioxide. The lignin has a high heat value, can be capable of gaining 
significant credit of plant that contributes to 24% of total revenue. In some plants, the 
carbon dioxide generated from fermentation process is emitted directly into atmosphere, 
which contributes to the accumulation of CO2 in the atmosphere. This model assumes a 
carbon dioxide consumer is near the plant location and the selling price was set to 
$0.02/kg. The carbon dioxide contributes 4% of total revenue. The total plant cost, which 
is the sum of capital cost, operating cost and general expenses, and plant capacity are to 
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be used to estimate the unit fuel ethanol production costs. The economic evaluation report 
(EER) generated by SuperPro Designer shows that the unit production cost of fuel 
ethanol is $0.52/liter. 
3.2.2.7  MONTE CARLO ANALYSIS 
Since there are many factors affecting the unit production cost of fuel ethanol, it is 
challenging to conduct the analysis of those uncertainty parameters. Oracle Crystal Ball 
was adopted to conduct the probabilistic Monte Carlo analysis which can provide two 
charts. The first one is forecast chart that shows probability of the objective function and 
the second one is sensitivity chart that quantifies input variables’ contribution to the 
existing uncertainty.  In this model, the raw materials, utilities cost and facility-dependent 
cost respectively takes up 23.42%, 33.67% and 15.36% in total operating costs. The 
percentage of high-pressure steam and chilled water in utilities are 45.02% and 36.93%. 
The above four variables were chosen to be examined by Monte Carlo simulation. The 
realistic representatives of the probability distribution of the input variables is essential to 
assure utility of the simulation results (Heinzle et al., 2006).  The facility cost was 
defined to exponential distribution since the equipment cost is estimated based on the 
power law (Zhuang et al., 2007).  The other three variables were assigned to triangular 
distribution because the minimum, most likely and maximum values are known (Aden et 
al., 2002).  The four parameters’ distribution setups are showed in Table 9.  The 
sensitivity analysis result shows that the contribution of corn stover price, steam price, 
water price and facility utility cost to the uncertainty of unit ethanol production costs are 
74.1%, 19.9%, 5.5%, and 0.5% respectively. 
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Table 9   Distribution parameters set for MCS. 
 
Initial value Distribution Mean Standard Deviation min max 
Corn stover price($/kg) 0.05 0.06 N/A 0.03 0.09 
 Facility cost 1 5 5 0 Infinity 
Steam(HP) Price($/kg) 0.02 0.02 N/A 0.01 0.03 
ChilledWaterPrice($/kg) 0.0004 0.0004 N/A 0.0003 0.0005 
 
3.3 CONCLUSION 
The engineering process and cost model (2000 Mg/day) was developed for a 
lignocellulosic biomass to ethanol process utilizing dilute acid prehydrolysis and 
enzymatic hydrolysis.  By conducting the economic analysis, the contribution of 
feedstock cost change rate to fuel ethanol production cost is 74.1%.  The influence of 
various economic factors on the whole production process which enlighten researchers 
and engineers to find the solution to commercialization of cellulosic ethanol 
development.  The processing and cost model can also be utilized as a research tool to 
test and evaluate emerging processing technologies. 
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CHAPTER 4 ECONOMIES OF SCALE ANALYSIS 
The work presented in this chapter is already published in Transaction of the 
ASABE (Ma and Eckhoff, 2012).  To explore how Area Utilization Factor (AUF) and the 
maximum value of AUF (AUFmax)affect the economy of scale of ethanol refineries using 
corn stover and Miscanthus as feedstocks.  Table 10 shows three scenarios for the 
economy of scale analysis.  First of all, three functions are assumed to model AUF values 
varying with the distance to refineries.  Secondly, economy results derived from ethanol 
production are analyzed for two feedstocks.  Third, the effects of fixed and variable 
AUFmax on ethanol production costs are also compared.   
Table 10 Research scenarios. 
 
Analysis Input (AUFmax) Result 
 
AUF 
 
Uniform 
distribution 
0.3 
 
The economic result is 
represented in terms of 
UEPC and optimal plant 
size. 
Normal 
distribution 
Sine wave 
Feedstock 
Corn stover 
0.5, 0.3, 0.1 
Miscanthus 
AUFmax 
Fixed 0-0.8 
Variable 0-0.8 
 
An engineering model was created to determine feedstock delivered cost and unit 
ethanol production cost (UEPC) as a function of biorefinery size and to compare contract 
and commodity purchasing methods for feedstock. In this model, not only does UEPC 
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increase when the ethanol producers switch from contract pricing to commodity pricing 
but the optimal refinery size also becomes smaller. Previous studies used fixed 
distributions for the area utilization factor (AUF) in feedstock collection. In this study, 
the most practical and economically realistic result occurs when using AUF values based 
on a modified normal distribution. A sensitivity analysis indicated that using a normal 
distribution expends $1.16 M year-1 less than using a sine wave distribution; not only 
does the commodity pricing method have more impact on production cost than the 
contract pricing method, but the expansion of refinery size can intensify the AUFmax 
variation effect on fuel ethanol operating cost. 
4.1 INTRODUCTION 
As part of the U.S. effort to establish national energy independence, the Energy 
Independence and Security Act (EISA) of 2007 mandates the production of 136 billion L 
(36 billion gal) per year of renewable fuel by 2022 (Government, 2007). Although the 
U.S. produced more than 42 billion L of ethanol in 2009, it is improbable that the U.S. 
will achieve 136 billion L by 2022 using only corn as a feedstock. In addition, starch-
based ethanol is capped at 57 billion L (15 billion gal) (Government, 2007). The deficit 
renewable fuel will need to be produced from non-cornstarch feedstocks, such as corn 
stover, Miscanthus, etc. Just as corn is a major cost factor in ethanol production, biomass 
feedstock cost accounts for the largest part of biorefinery operating costs (Leistritz et al., 
2007). However, biomass feedstock, such as corn stover and Miscanthus, has a density 
approximately one-third to one-fifth that of shelled corn (Chang, 1986; Johanning and 
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Wesche, 1993; Lewandowski et al., 2000; Mankell et al., 1995; Savoie and Descôteaux, 
2004; Venturi et al., 1998), which makes transportation a major concern.  
 Economies of scale has favored large, centralized, corn-based processing 
facilities for wet milling, dry milling, nixtamalization (an alkali process for making 
tortillas, tamales, tacos, and other foods; (Eckhoff and Paulsen, 1996)), and ethanol. 
Without considering feedstock costs, the economies of scale favors large-scale bio-
refineries (Aden et al., 2002).  
There are two potential strategies for establishing a sustainable market for 
biomass: commodity pricing and contract pricing. Under commodity pricing, biomass is 
purchased at a price offered by the refinery. Each refinery can revise its offer at any time, 
but the producers/suppliers can also sell biomass at any time. This allows the commodity 
price of biomass to vary with the supply and demand. The basic corn marketing system is 
based on the commodity pricing method. For biomass, there is not a true commodity 
market, as there is only one buyer (refinery) in most regions. Estimating how commodity 
price will change in relation to processing refinery size has been difficult with respect to 
basic commodities, such as corn, soybeans, and wheat because of the complexity of the 
marketing system. Commodity pricing is when multiple markets compete for available 
commodities by advertising their purchasing price. The purchasing price depends on 
many variables and fluctuates daily. However, to get a sustainable flow of grain into their 
processing facilities, processors must offer a price that attracts flow from their 
producer/suppliers who are the farthest away. The processors do not care how far away 
the grain comes from; they only care what the price is. Currently, there are no 
 
 
41 
 
commercial commodity markets available for cellulosic ethanol feedstock such as crop 
residues and energy crops, but one can project the basic features of such a hypothetical 
commodity market. Only when sufficient supply and demand exist can commodity 
marketing be successful. This article assumes that such supply and demand exist. 
Under contract pricing, the price paid to producers/suppliers is negotiated ahead 
of time to ensure that the refinery can purchase the biomass. The contract locks the 
producer/supplier into selling the biomass to the refinery, and the refinery is locked into 
purchasing the producer’s biomass harvest. Contract specifications can negate the 
purchase based on biomass quality or quantity. In specialty maize production, the corn is 
produced under contract to ensure adequate production of the phenotype. Rogue or 
speculative (not under contract) reduction of certain phenotypes, such as waxy maize, are 
often produced. When contract production is low due to weather or changes in the market 
for waxy maize, processers will seek to fulfill their needs by purchasing waxy maize 
using a commodity pricing strategy. Most waxy maize contracts are negotiated with a 
$0.25 to $0.30 per bushel premium (U.S. Grain Council, 2006) to the farmer because 
there is no yield loss between waxy and normal dent corn. Therefore, the processor is 
paying a premium to get the producer to grow the waxy corn and for the loss of 
marketing flexibility. If there is not enough contract waxy, then the speculative waxy will 
sell for $1.00 to $3.00 more per bushel (Lynn Clarkson, Clarkson Grain Company, Inc., 
personal communication).  If the speculative waxy is not needed, then the rogue producer 
will sell the waxy into the yellow dent commodity market, and the rogue producer will 
only be out the higher seed cost of the waxy phenotype. Most producers and marketers 
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think that the contract pricing structure is more expensive than commodity pricing 
because most corn or other grain contracts are not sold at a fixed price but instead allow 
producers to sell at the commodity market price plus the incentive. Since biofuel 
feedstocks do not have an existing commodity market, the two pricing structures are 
decoupled. 
The area utilization factor (AUF) is the percentage, in decimal form, of the total 
area in production used for biomass feedstock acreage. For example, if the target total 
acreage in production is 1000 acres and the AUF is 0.3, then 300 acres of biomass are 
being dedicated to the refineries. Previous studies also fixed AUF for biomass collection 
(Aden et al., 2002; Perlack and Turhollow, 2003) and concluded that the likelihood of 
convincing a producer to sell biomass is independent of the distance to the refinery. 
However, the participation rate of biomass producers is really determined by the biomass 
transportation cost to the refinery, since the transportation cost can account for 33% of 
the total feedstock cost (Perlack and Turhollow, 2003). Based on commodity pricing, the 
producers/suppliers who are farther away from the refinery will realize less profit since 
they have to pay more for transportation; therefore, it is less attractive for them to 
participate in the project. Even with contract pricing, it is less attractive to sign contracts 
with more distant producers. Therefore, the fixed participation rate does not appear to be 
realistic and needs to be evaluated. A fixed AUF means that participation by farmers is 
independent of how far the producer is from the refinery. However, it is more likely that 
the participation rate will decrease with distance, even for contract pricing. 
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Most biomass economic studies have estimated biomass feedstock cost as the 
production cost or breakeven price (Graham et al., 2007; Jain et al., 2010; Khanna et al., 
2008; Styles et al., 2008).  However, researchers have not accounted for the incentives for 
the producer in these studies. 
Planning for the eventual establishment and growth of a biomass-based energy 
sector is difficult due to many potential variables that can impact the profitability of 
biomass refineries. Proactive planning will allow industries and municipalities to be 
better able to deal with the inevitable difficulties encountered during the initial 
establishment and growth phases of a biorefinery. The purpose of this study is to 
determine how the economies of scale of biomass refineries is affected based on variable 
AUF values and commodity or contract pricing. 
4.2 METHODOLOGY AND ASSUMPTIONS 
In this study, two kinds of biomass feedstocks, corn stover and Miscanthus, were 
considered for cellulosic ethanol production. As mentioned before, high transportation 
cost caused by low bulk density becomes one of main barriers for the commercialization 
of cellulosic ethanol. The formulas for the transportation cost of biomass are derived 
based on the transportation cost of straw. Based on the literature, the bulk densities of 
baled corn stover and Miscanthus are assumed as 117 and 140 dry kg m-3, respectively 
(Johanning and Wesche, 1993; Lewandowski et al., 2000; Savoie and Descôteaux, 2004; 
Venturi et al., 1998). The moisture content for both feedstocks is assumed as 30% 
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because biomass feedstock has higher moisture content than corn (Darby et al., 2010; El 
Bassam and Huisman, 2001; Richey et al., 1982; Schechinger and Hettenhaus, 2004). 
4.2.1 FEEDSTOCK COST 
A sustainable value for the cost of the Miscanthus biomass crop can be 
determined by calculating the breakeven price of production and adding the option value 
premium used by Isik (2004) and Isik et al (2001), which relates to the willingness of the 
producer to assume the risk of new technology or new crops. The breakeven price is 
defined as the production cost plus the land opportunity cost. The land opportunity cost 
(LOC) is defined as the contemplated average profit for the most profitable alternative 
crop that the farmer grows. In the Midwest, one of the most profitable crop is corn. 
Therefore, the breakeven price of Miscanthus is going to be the production costs plus the 
anticipated profits from a corn crop. It does not have to be the actual profits from a corn 
crop but rather the profits that the producer would expect from a corn crop. For example, 
a producer of corn in central Illinois would expect to get $400 per acre profit. If the 
Miscanthus yields 15 tons per acre, then the LOC is $26.70 per ton. 
Jain et al. (2010) calculated Miscanthus production costs to be $33.64 Mg-1 (low 
fertilizer application rate, replanting probability, and baling cost) and $57.27 Mg-1 (high 
fertilizer application rate, replanting probability, and baling cost). Adding the low and 
high opportunity cost of land ($28.18 and $39.09 Mg-1), respectively, yields a breakeven 
price of $61.82 Mg-1 for the low-cost scenario and $96.36 Mg-1 for the high-cost scenario 
in Illinois (Jain et al., 2010).  In this study, the option value premium for the Miscanthus 
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producer is assumed as $8 Mg-1 (Clancy et al., 2008; Isik, 2004; Isik et al., 2001). The 
farm-gate price for Miscanthus is therefore $87 Mg-1 (Table 11): 
 
 ovpopf PPPP       (7) 
Where 
Pf = farm-gate price of Miscanthus 
Pp = production cost of Miscanthus 
Po = opportunity cost of Miscanthus 
Povp = option value premium for Miscanthus. 
 
Table 11 Cost of Miscanthus production ($ /Mg). 
 
Scenario 
 
Production 
Cost 
Opportunity 
Cost 
Break- 
Even 
Price 
Optional 
Value 
Premium 
Farm 
Gate 
Price 
High cost 33.64 28.18 61.82 
8 87  
Low cost 
 
57.27 
 
39.09 
 
96.36 
 
Corn stover cost to the farm-gate was considered to be $77.27 /Mg (Gallagher et al., 
2003; Graham et al., 2007; James et al., 2010; Morissette and Savoie, 2008), which 
comprised $33 /Mg collection cost (Aden et al., 2002), $10 Mg-1 incentive to the 
producer (Sheehan et al., 2003), $7 /Mg for nutrient replacement (Sheehan et al., 2003), 
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and $27.27 /Mg for drying (Savoie and Descôteaux, 2004). The drying cost is estimated 
based on experimental data. A two-layer batch drying system (heat pump) was employed, 
and the initial and final moisture contents for the baled corn stover were 40% and 12% 
(Savoie and Descôteaux, 2004).  If the corn stover is windrowed, field dried, and baled, 
then the cost of drying can be excluded. 
4.2.2 FEEDSTOCK TRANSPORTATION COST 
Values for biomass transportation costs are listed in the literature (Table 11). The 
estimation of biomass transportation costs are based on the fixed cost (FC) and the 
variable cost (VC) of straw.  The fixed cost is independent of distance and includes the 
loading, unloading, and non-vehicle depreciation cost. The variable cost has a linear 
relationship with distance and includes wages, fuel cost, and vehicle depreciation.  The 
values of FC and VC for truck transportation given by Mahmudi and Flynn (2006). These 
values are employed as a basis for developing an equation (fixed cost plus the product of 
variable cost and transportation distance) for transportation costs of corn stover and 
Miscanthus: 
             Ts = fs + vsds                                                                       (8) 
Where 
Ts = transportation cost of straw dry matter ($ per dry Mg) 
fs = fixed transportation cost coefficient for straw dry matter ($5.24 per dry 
Mg) 
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vs = variable transportation cost coefficient for straw dry matter ($0.144 per 
dry Mg per km) 
ds = transportation distance of straw dry matter (km). 
 
Table 12       Fixed and variable factors for biomass transportation ($ in 2006). 
 
Feedstock (dry matter) 
Fixed Cost 
($ Mg-1) 
Variable Cost 
($ Mg-1 km-1) 
This study    
Corn stover 6.449 0.177 
Miscanthus 5.390 0.148 
Corn stover (Kumar et al., 2005; Perlack and Turhollow, 2003) 
Round bales 7.140 0.064 
Rectangular bales 7.060 0.073 
Straw (Mahmudi and Flynn, 2006)  
 5.240 0.144 
Wood chips (Mahmudi and Flynn, 2006)  
 5.478 0.123 
Corn stover (Aden et al., 2002; Glassner et al., 1998)  
 9.040 0.160 
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Equation (8) is for straw dry matter. In the study by Mahmudi and Flynn (2006), the 
moisture content of straw is 16%. The bulk densities of baled straw, corn stover, and 
Miscanthus are 120 dry kg m-3 (16% moisture content; (Walker, 2004)), 117 dry kg m-3 
(30% moisture content), and 140 dry kg m-3 (30% moisture content). To derive the 
transportation cost for corn stover and Miscanthus, the ratio between their bulk densities 
needs to be determined. 
The fixed and variable costs in Equations (9) and (10) are calculated by Equation 
(8) parameters divided by the ratio. The transportation cost equations for corn stover and 
Miscanthus become: 
 
                       Tcs = fcs + vcsdcs                                                (9) 
 
                       Tm = fm + vmdm                                                 (10) 
Where 
Tcs = transportation cost of corn stover dry matter ($ per dry Mg) 
fcs = fixed transportation cost coefficient for corn stover dry matter ($6.449 
per dry Mg) 
vcs = variable transportation cost coefficient for corn stover dry matter 
($0.1772 per dry Mg per km) 
dcs = transportation distance of corn stover dry matter (km) 
 
 
49 
 
And 
Tm = transportation cost of Miscanthus dry matter ($ per dry Mg) 
fm = fixed transportation cost coefficient for Miscanthus dry matter ($5.39 
per dry Mg) 
vm = variable transportation cost coefficient for Miscanthus dry matter 
($0.1481 per dry Mg per km) 
dm = transportation distance of Miscanthus dry matter (km). 
 
4.2.3 CELLULOSIC ETHANOL MODEL 
Modeling two purchasing methods (commodity and contract) using a Microsoft 
Excel spreadsheet allowed for calculating corn stover and Miscanthus feedstock delivered 
prices as a function of the size of a dilute-acid/enzymatic biomass ethanol refinery.  
Figure 1 shows a flow diagram of the fuel ethanol conversion process. The refinery was 
modeled using SuperPro Designer (Intelligen, Inc.) and validated against the National 
Renewable Energy Laboratory’s Aspen dilute-acid/enzymatic biomass ethanol refinery 
model (Aden et al., 2002; Sandor et al., 2008; Wooley et al., 1999). With the use of 
component object module (COM) technology, different throughput values can be 
simulated in SuperPro Designer. The corresponding unit ethanol production cost (UEPC) 
values for different-size refineries are printed to the Excel spreadsheet. In this study, the 
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delivered feedstocks were based on either commodity pricing or contract pricing. A 
current (2009) capital value was determined based on a refinery of 2000 Mg d-1 capacity 
by contacting equipment vendors and updating the prices given by Aden et al. (2002). 
The capital cost was adjusted for capacity using a 0.6 exponent in the cost-scaling 
Equation (Brown, 2003; Peters et al., 2003; Ulrich, 1984): 
 
              Cc2 = Cc1(Cs2/Cs1)0.6                                                     (11) 
Where 
Cc2 = capital cost of refinery 2 ($) 
Cc1 = capital cost of refinery 1 ($) 
Cs2 = capacity of refinery 2 (Mg d-1) 
Cs1 = capacity of refinery 1 (Mg d-1). 
 
The biomass farm-gate costs used to calculate the unit ethanol production cost were 
from the literature and transportation cost, as discussed in the following paragraphs.  
Table 13 shows the UEPC (without transportation cost) of fuel ethanol for corn stover 
and Miscanthus at different refinery capacities. These UEPC values were generated from 
the model simulation; the biomass cost only includes farm-gate costs. 
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Table 13   Unit ethanol production cost of fuel ethanol without transportation cost ($ in 
2009). 
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4.2.4 PRICING STRATEGIES 
Figure 2 shows that the AUF values decrease from the AUFmax to 0 based on three 
functions of distributions: 3s-standard normal distribution (N(0,1)) probability density 
function (Equation (12)), sine wave (Equation (13)), and uniform (constant) distribution.  
For sine wave distribution, the function curve is employed from π (0 mile) to 3/2π (170 
miles).  For 3s-normal distribution, the function curve is employed from µ (0 mile) to 3s 
(170 miles).  For uniform distribution, the AUF values keep as constant. 
21
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Figure 2  Feedstock collection ring areas and corresponding AUF values. 
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In the commodity pricing scenario, the ethanol refinery purchases biomass on the 
open market, where the refinery posts a daily commodity price for biomass delivered to 
the refinery. The refinery can forward contract for delivery but does not take ownership 
of the biomass until it has been delivered. This avoids tying up of large amounts of 
capital in inventory. The commodity price must be high enough to attract delivery from 
the maximum radius or distance needed to secure an adequate supply of biomass. The 
problem with this scenario is that the commodity price must be high enough to cover the 
transportation costs of the producer farthest from the refinery. To estimate the commodity 
price for biomass in this market-driven pricing scenario, consider it to be made up of two 
parts: the base price and the transportation cost. The base price is given above, and the 
transportation cost is calculated based on the formulas listed earlier. The contract price 
per ring of the total area (1.6 km ring thickness; Figure 2) varies with distance, but the 
contract also has to supply an additional incentive of $6.11 to $7.76 Mg-1 to Miscanthus 
producers and $37.1 to $49.42 Mg-1 to corn stover producers, based on informal 
communication from specialty grain contracting companies in Illinois, in order to 
maintain an appropriate level of producer participation. 
Both the contract pricing and commodity pricing methods of securing the energy 
crop start with the same farm-gate price. They differ in that the contract price includes an 
additional incentive, which is the extra money that biomass growers gain when they sign 
a contract with refineries, and the payment for the transportation cost incurred by the 
producer/supplier, while the commodity price does not include a premium but pays every 
producer/supplier the same price regardless of distance from the refinery. The commodity 
 
 
54 
 
price is set starting with the farm-gate price of production and adding the transportation 
cost for the producer/supplier who is farthest from the refinery. The farm-gate price of 
Miscanthus and corn stover is mentioned earlier in the Feedstock Cost section. For the 
refinery to be sustainable using the commodity pricing method of securing biomass, it has 
to at least pay for the transportation costs of the producer/supplier  who is farthest from 
the refinery. Since all producer/suppliers receive the same price for their biomass in the 
commodity pricing method, the producer/suppliers closer to the refinery have higher 
profits. If the contract price agreed upon is based on the commodity market price (as 
often occurs in the contracting of cereal grains), then there is a confounding of the pricing 
methods (commodity market price plus the incentive), and contracting cannot compete 
with commodity pricing from the perspective of the ethanol producer. 
Values for AUFmax range from 0 to 1.0 of the total area. The value of AUFmax was 
also allowed to vary with the capacity of the refinery. It is assumed that AUFmax would 
change with the capacity of the refinery because producers would more likely see the 
refinery as a primary market as the capacity increases, especially those producers nearer 
to the refinery. The model was designed to take AUFmax from its original value n to n + 
0.2 as the refinery capacity varies from 2,000 to 20,000 Mg d-1, where n is the AUFmax 
value at the first ring area. If the refinery capacity is less than 2,000 Mg d-1, then the 
value of AUFmax is n. If the refinery capacity is more than 20,000 Mg d-1, then the value 
of AUFmax is n + 0.2.  If the refinery capacity is between 2,000 and 20,000 Mg d-1, then 
the increased value of AUFmax has a linear relationship with the increased refinery 
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capacity. The spread of the AUFmax value with refinery capacity is only an estimate and 
could be larger or smaller. However, it seems reasonable that it will not stay constant. 
4.3 RESULTS AND DISCUSSION 
Figure 3 shows UEPC values plotted against refinery size for three different AUF 
distribution profiles: constant AUF, AUF decreasing as a sine wave with AUF of 0 at 170 
km, and AUF decreasing as a normal distribution (three standard deviations) with AUF of 
0 at 170 km. These AUF values represent the access to farmland areas for biomass 
collection, assuming that the transportation cost is set based on the transportation cost 
formulas discussed earlier. There is a significant difference between the three AUF 
distribution profiles. The first thing to notice is that when a non-constant distribution is 
used, the maximum refinery size is greatly decreased. When the value of AUF is set as a 
constant (0.3), the total yearly collection of stover can exceed 13.55 million Mg (potential 
yearly production in the whole area), and the optimal refinery size (the refinery size with 
the lowest UEPC) for this area is 6,066 Mg d-1 (822.39 million L year-1 based on model 
simulation; all of the following yearly ethanol yields are also based on model simulation). 
When the AUF value is based on a normal distribution, the maximum amount of biomass 
that can be collected is approximately 2.98 million Mg year-1 (potential yearly production 
in the whole area), and the optimal refinery size is 4,659 Mg d-1 (636.64 million L year-1).    
When the AUF value is based on a sine wave, the maximum amount of biomass that can 
be collected is approximately 2.52 million Mg year-1 (potential yearly production in the 
whole area), and the optimal refinery size is 4,491 Mg d-1 (613.68 million L year-1).  All 
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three distributions showed a diseconomies of scale.  The greater the number of 
producer/suppliers that can be located near the refinery the less severe is the 
diseconomies of scale.  Because the constant AUF assumption has been discussed as 
unrealistic, for the remainder of this article, the AUF will be modeled using a normal 
distribution.  A similar set of curves can be generated for Miscanthus (not shown). 
 
Figure 3  Comparison of UEPC for constant and variable AUF (sine wave, normal 
distribution). 
 
Figure 4 shows the UEPC values for a corn stover based cellulosic ethanol 
refinery for three different AUFmax levels (0.5, 0.3, and 0.1). The transportation cost is 
based on the bulk density of corn stover (117 kg m-3) described in Equation (4). The AUF 
value of 0.5 means that half of the total area around the refinery is used for producing 
corn stover, and all of this feedstock is sold for fuel ethanol production. Based on the 
UEPC values under commodity pricing, the optimal refinery size is 4270, 3524, and 1909 
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Mg d-1, corresponding to AUF values of 0.5, 0.3, and 0.1. However, under contract 
pricing, Figure 5 shows that the optimal refinery size is 5874, 4659, and 2581 Mg d-1, 
respectively.  Comparing the related UEPC curves in the two graphs, contract pricing had 
lower UEPC values by $0.0726 to $0.1204 per liter of ethanol and a larger optimal 
refinery size at each AUF value.  This is a most surprising result because the premium 
paid for contracting was $98.84 ha-1 ($40 acre-1).  The premium was overcome by the fact 
that, with contracting, the total outlay for feedstock and transportation was lower than 
with commodity pricing.         
   
 
Figure 4  UEPC vs. refinery plant size for fixed stover transportation cost with 
normal distribution (commodity pricing). 
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Figure 5  UEPC vs. refinery plant size for fixed stover transportation cost with normal 
distribution (contract pricing). 
 
Figure 6 shows the UEPC values for a Miscanthus based cellulosic ethanol 
refinery for three different AUFmax values (0.5, 0.3, and 0.1). The transportation cost is 
based on the bulk density for Miscanthus (140 kg m-3) described above. The AUF value 
of 0.5 means that half of the total area around the refinery is used for producing 
Miscanthus, and all of this feedstock is sold for fuel ethanol production. Based on the 
UEPC values under commodity pricing, the optimal refinery size is 9816, 8139, and 
5,107 Mg d-1, corresponding to AUF values of 0.5, 0.3, and 0.1. However, under the 
contract pricing, Figure 7 shows that the optimal refinery size is 13,565 Mg d-1, 10,658 
Mg d-1, and 7131 Mg d-1, respectively. Comparing the related UEPC curves in the two 
graphs, contract pricing had lower UEPC values by $0.024 to $0.046 L-1 of ethanol and a 
larger optimal refinery size at each AUF value. 
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Figure 6  UEPC vs. refinery plant size for fixed Miscanthus transportation cost 
with normal distribution (commodity pricing). 
 
Figure 7  UEPC vs. refinery plant size for fixed Miscanthus transportation cost with 
normal distribution (contract pricing). 
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The effect on the economic model results of variable AUF and AUFmax is 
significant, and the choice of the biomass distribution function (AUF) should not be made 
lightly. A constant AUF of 0.3 had lower UEPC values by $0.0307 L-1 and $0.0892 L-1 
for the sine wave and normal distributions, respectively, for a refinery size fixed at 2000 
Mg d-1.  Although assuming a constant AUF value is most economical, it is not realistic 
to assume that all farm land around the refinery is planted with the same feedstock at the 
same percentage, nor that all feedstock producers have the same willingness to sell to the 
ethanol facility no matter how far they are from the refinery.  The actual distribution may 
not follow any discernible pattern and may not be represented by a normal distribution, 
but logically a variable AUF will probably be more representative than a constant AUF. 
The larger the refinery, the larger the differential will be between a variable AUF and a 
constant AUF.  
Table 13 shows that the fuel ethanol UEPC, without biomass transportation costs, 
decreases exponentially: the larger the refinery size, the lower the UEPC.  Figure 3 
through Figure 7 show the UEPC considering the transportation costs of corn stover and 
Miscanthus. There is a trade-off between the economies of scale and the increased 
transportation cost.  The optimal refinery size (lowest UEPC) is not the maximum 
refinery size in a defined collection area because the biomass transportation cost 
increases dramatically with the size of the refinery. The diseconomies of scale may be 
affected by the change of production capacity and the biomass transportation cost. A 
larger production capacity means more savings resulting from economies of scale. 
However, a larger unit transportation cost means a larger diseconomy effect from the cost 
 
 
61 
 
of delivering feedstock, which discourages the development of larger refineries. The 
scenario with the larger AUF and smaller unit transportation cost has a larger optimal 
refinery size. 
To provide insight into the effect of various AUFmax values and refinery plant 
size, Figure 8 shows the UEPC for fuel ethanol as a function of refinery size and AUFmax. 
This figure illustrates the trade-off point at each AUFmax value as the refinery size ranges 
from 5,000 to 10,000 Mg d-1. Compared to the refinery size effect on UEPC, the lowest 
UEPC value is located at 0.8 (the AUFmax values range from 0 to 0.8), and the UEPC 
decreases with increasing AUFmax. In the case in which the refinery size increases from 
2,000 to 20,000 Mg d-1 and AUFmax increases from 0 to 0.8, the optimal refinery size is 
7251 Mg d-1 and the lowest UEPC is $0.57 L-1.  Additionally, the diseconomies of scale 
effect weakens as AUFmax increases. 
To explore how fixed and variable AUFmax values affect the total feedstock 
collection area in this study, the original AUFmax values (0 to 0.8) were set when the 
refinery size was less than 2000 Mg d-1. The maximum value of AUF was set according 
to the following formula (Equation (14)) when the refinery size ranged from 2,000 to 
20,000 Mg d-1: 
 AUFmax f = AUFmax i + k(Cp - 2000)    (14) 
Where 
AUFmax f = maximum value of AUF for refinery sizes from 2,000 to 20000 Mg d-1. 
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AUFmax i = maximum value of AUF for refinery sizes less than 2000 Mg d-1. 
k = coefficient (k = 0.0000111). 
 
 Parameters
Feedstock: Corn stover 
Method: Contract pricing 
AUF     : Fixed 
Transportation cost: Eq. 3 
Distribution: Normal 
max 
  
Figure 8  UEPC as a function of refinery plant size and AUFmax (fixed). 
 
The AUFmax values become 0.2 to 1.0 when the refinery size is more than 20,000 
Mg d-1.  Figure 9 shows the UEPC for fuel ethanol as a function of refinery size and a 
variable AUFmax. Compared to the effect of the fixed AUFmax, the UEPC trade-off point 
becomes larger in the y-axis (refinery plant size) direction. For example, the optimal 
refinery size is 7,331 Mg d-1, which is larger than in the fixed AUFmax case (7,251 Mg d-
8 
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1), and the lowest UEPC is $0.42 L-1, which is smaller than in the fixed AUFmax case 
($0.57 L-1). With the refinery size increasing, the willingness of producers to supply 
biomass will be gradually enhanced; thus, the AUFmax values in this model are 
correspondingly increased, which is more practical than in the fixed AUFmax case. 
Parameters 
Feedstock: Corn stover 
Method: Contract pricing 
AUF     : Variable 
Transportation cost: Eq. 3 
Distribution: Normal 
max 
 
Figure 9  UEPC as a function of refinery plant size and AUFmax (variable). 
 
The purchase price and transportation costs of cellulosic ethanol feedstock have 
the most significant impact on the unit ethanol production cost (UEPC; (Aden et al., 
2002)).   The use of a variable AUF (normal distribution) scenario produced higher 
UEPC values and smaller optimal refinery size than the use of a constant AUF (uniform 
distribution) scenario.   The uniform distribution assumption was rejected as being 
improbable particularly for a commodity market system.  All scenerios for the AUF, 
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AUFmax , and variable AUFmax resulted in a diseconomies of scale. This analysis suggests 
that biorefineries are better off employing the contract pricing method rather than the 
commodity pricing method because of the lower UEPC and greater profit. 
4.4 CONCLUSION 
The purchase price and transportation costs of cellulosic ethanol feedstock have 
the most significant impact on the unit ethanol production cost (UEPC; (Aden et al., 
2002)).   The use of a variable AUF (normal distribution) scenario produced higher 
UEPC values and smaller optimal refinery size than the use of a constant AUF (uniform 
distribution) scenario.   The uniform distribution assumption was rejected as being 
improbable particularly for a commodity market system.  All scenerios for the AUF, 
AUFmax , and variable AUFmax resulted in a diseconomies of scale. This analysis suggests 
that biorefineries are better off employing the contract pricing method rather than the 
commodity pricing method because of the lower UEPC and greater profit. 
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CHAPTER 5 ECONOMIES OF SCALE FOR BIOMASS REFINERIES: BULK 
DENSITIES, TRANSPORTATION COST AND PRODUCER INCENTIVES 
 
This is a manuscript to be submitted to the Transaction of ASABE.  The 
sensitivity analysis using models and techniques previously developed and discussed in 
Chapter 4.  The key result of last chapter, regarding Area Utilization Factor (AUF), 
maximum value of AUF (AUFmax), energy crops, is tabulated in Table 14. 
Table 14 Key results of Chapter 5. 
 
Analysis Input (AUFmax) Result 
 
AUF 
 
Uniform 
distribution 
0.3 
 
The normal distribution 
function behaves more 
practical to model AUF; it 
is more profitable to use 
Miscanthus as feedstocks; 
variable AUFmax behaves 
more economical for 
ethanol production.  
Normal 
distribution 
Sine wave 
Feedstock 
Corn stover 
0.5, 0.3, 0.1 
Miscanthus 
AUFmax 
Fixed 0-0.8 
Variable 0-0.8 
 
A Microsoft excel facilitated SuperPro model was developed to analyze the 
economies of scale of biomass refineries. Economic analysis, using the model, showed 
that the unit ethanol production cost (UEPC) of fuel ethanol is affected by bulk density of 
the feedstock, transportation cost coefficients, and producer incentives.  The UEPC 
decreases as the feedstock bulk density increases.  UEPC is more sensitive to variable 
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cost (VC) than fixed cost (FC) and incentives can attract more producers to participate in 
the contract program but will increase the UEPC. 
5.1 INTRODUCTION 
Cellulosic materials have been projected as ideal alternative sources for fuel 
ethanol production because of their large renewable volume, reduced greenhouse gas 
emissions, and higher ratio of energy output to input (Badger, 2002; Lynd et al., 1991). 
Transportation cost is a major part of production cost to biorefineries and most studies on 
the spatial distribution of production sites relative to the biorefinery have assumed a 
constant area utilization factor (also called the Land Availability Factor) and constant 
bale density.  
Transportation cost accounts for 23% of the total delivered stover cost (Aden et 
al., 2002).  Bulk density is an important factor determining the biomass shipping cost.  
Since biomass is a low-density feedstock, the fuel ethanol production cost becomes very 
sensitive to bale density (Schroeder et al., 2007).  Another factor affecting the feedstock 
cost and fuel ethanol production cost is the amount of incentives paid to the biomass 
producers.  To attract more farmers to participate in a cellulosic ethanol production 
program or to sell the crop residue, the market price of biomass feedstock should be 
attractive to them.  Currently, the market price for production of biomass in many 
research studies assumes just replacement for the value of the corn which would have 
been produced in lieu of biomass (Jain et al., 2010). For the value of collected stover, 
previous studies use a value which represents the replacement cost of fertilizer lost and 
the value of the stover as an erosion deterrent (Gallagher et al., 2003; Graham et al., 
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2007).   Both of these values are generally too low for farmers to willingly participate.  
One effective way to increase farmer participation is to guarantee additional incentives or 
subsidies.    
 Miscanthus is a dedicated energy crop and has many merits such as reduced use 
of energy and chemicals, soil conservation, carbon sequestration, etc.  The disadvantage 
of a dedicated energy crop is that farmers do not want to take the risk in switching to a 
dedicated energy crop from conventional crops.  They will be concerned that the biomass 
market will disappear and they will be left with no recourse.  Extra subsidies need to be 
paid for potential energy crop growers. 
Ma and Eckhoff  (2012) proposed use of variable area utilization factors (AUF), 
defined as the fraction of area used for biomass feedstock production.  They proposed 
two example functions to simulate non-uniform AUF’s: normal distribution and sine 
wave distribution as more realistic distributions than constant values.  Their results 
showed how the bio-refinery has a diseconomies of scale that is affected by AUF.  They 
also showed that when no commodity market exists it will be cheaper to establish a 
contract grower base than to try and establish a commodity market.  This work follows 
the research published in the Transaction of ASABE (Ma and Eckhoff, 2012).  The same 
engineering process model will be used to study the effect of the feedstock bulk density, 
transportation costs and paid incentives on the UEPC of the refinery.  
5.2 DATA AND METHODS 
In the previous studies, the factors, such as energy crops, AUFs, and feedstock 
pricing methods, were analyzed in terms of the effects on economies of scale of refineries.  
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The participation of biomass producers are based on a normal distribution and the 
maximum value of AUF was set as 0.8.  The value of AUFmax was varied between 0.1 
and 0.8 because the likelihood of establishing a commodity market for biomass is low in 
the initial phases of developing the biomass ethanol markets.  Figure 10 shows the 
optimal plant size with the corresponding maximum value of AUFs for ethanol 
production from corn stover and Miscanthus with differenct transportation coefficients.  
There is a big difference between corn stover and Miscanthus because the yield of 
Miscanthus is several times higher than corn stover which saves a lot for shipping of 
Miscanthus.   In addition, normal distribution, modeling the variability of AUF values 
around refineries, behaves more practical than other distribution functions.  The last study 
also suggested that ethanol producers are better off to employ contract pricing method to 
purchase and procure biomass feedstock to meet demands of their facilities. 
 
Figure 10  Optimal plant size under different AUFmax (corn stover vs. Miscanthus). 
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At the last Chapter, transportation cost formulas of corn stover and Miscanthus 
were derived based on their bale bulk densities.  The two coefficients, fixed cost (FC) and 
variable cost (VC) are determined from two specific bulk densities.  Incentives account 
for one part of whole feedstock cost.  All of forgoing numbers are found in literatures and 
set as inputs to the refinery engineering process model.  Various scenarios were 
configured for economic analysis of feedstocks, AUF and feedstock purchasing strategies.  
To conduct further research on reducing cellulosic ethanol production cost, the sensitivity 
analysis of bulk densities, transportation coefficients, and biomass incentives could 
enlighten ethanol producers to find the most economical way for fuel ethanol production.   
5.2.1 ENGINEERING PROCESS MODEL 
The integrated engineering process model developed by Ma and Eckhoff (2012) 
was used to conduct economic analysis on a cellulosic ethanol refinery.  It includes two 
parts: conversion process, from biomass feedstock to fuel ethanol, was modeled by 
SuperPro Designer (Intelligen, Inc.); biomass procurement process, based on contract 
pricing method, was modeled on MS Excel spreadsheet.  Firstly, the UEPC (without 
considering transportation cost) is derived from SuperPro based process model only 
considering farm-gate price of feedstocks.  The shipping cost from farms to refineries 
will be attained from the spreadsheet model.  The final UEPC will be calculated as the 
sum of UEPC (without transportation cost) and feedstock transportation cost.    
5.2.2 FEEDSTOCK COST 
Their prices delivered to the biorefinery were divided into two parts: the farm-
gate price and shipping cost. The basic or farm-gate price of feedstock was estimated 
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according to literature as described below.  The farm-gate price of corn stover was 
assumed as $77.27/Mg (Gallagher et al., 2003; Graham et al., 2007; James et al., 2010; 
Ma and Eckhoff, 2012; Morissette and Savoie, 2008) and of Miscanthus was assumed to 
be $61.82/Mg  (low estimated price) or $96.36/Mg   (high estimated price) (Jain et al., 
2010; Ma and Eckhoff, 2012; Morissette and Savoie, 2008; Sheehan et al., 2003).   
5.2.3 BULK DENSITIES  
Bulk density is a physical property which is measured as the weight per unit 
volume of a material (kg/m3).  For biomass feedstocks, either crop residues or energy 
crops, the low bulk densities make the transportation more difficult and cost intensive.  
The procurement of two biomass feedstocks, corn stover and Miscanthus, have been 
investigated in this project.  Before loading to vehicles, baling (square or rectangular) is a 
regular processing method to be used for increasing biomass bulk densities and reducing 
shipping cost.  Bulk density is an important physical property which has a significant 
impact on fuel ethanol production cost.  To conduct the sensitivity analysis of bulk 
densities, Table 15 lists the range of bulk densities for baled biomass: corn stover and 
Miscanthus.  For corn stover, the bulk density was assumed as 117 kg/m3, the sensitivity 
analysis will be conducted based on three vlues: 87 kg/m3, 117 kg/m3, and 144 kg/m3.  
For Midscanthus, the bulk density was assumed as 140 kg/m3, the sensitivity analysis will 
be conducted based on three vlues: 130 kg/m3, 140 kg/m3, and 150kg/m3.  The effect of 
bulk density on ethanol production will be quantified and compared based on different 
scenarios. 
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Table 15 Bulk density of corn stover and Miscanthus. 
Biomass Bulk densities (kg/m3) References 
Corn 
stover 80-200 
Jenkins, 1989; Mani et al., 2004; Sokhansanj et 
al., 2002 
Miscanthus 130-150 Scurlock, 2005 
 
5.2.4 TRANSPORTATION COEFFICIENTS 
  The transportation cost formulas for corn stover and Miscanthus and the AUF 
values are as reported in Chapter 4.  Biomass feedstock shipping cost was determined by 
two values: the fixed cost (FC) and the variable cost (VC).  These two factor values are 
determined by the transportation mode and biomass physical properties such as bulk 
density.  In this study, truck transport was considered.  The most significant part in VC is 
the fuel cost which accounts for 40% (EPA-NHTSA, 2010).  The rising fuel price also 
increases the FC due to the increasing machine price.  The sensitivity analysis of  FC and 
VC is expected to show how fuel price affects the cellulosic ethanol production.  Corn 
stover and Miscanthus were the two feedstocks considered in this study.   In Chapter 4, 
Equation (9) and (10) shows the values of FC and VC for corn stover (FC= $6.449/Mg, 
VC=$0.1772/Mg-km) and Miscanthus (FC=$5.39/Mg, VC=$0.1481/Mg-km) and these 
values are calculated based on their bulk densities (117kg/m3 for corn stover, 140kg/m3 
for Miscanthus).  At last section, three bulk density scenarios for each feedstock were 
configured.  At this study, three groups of FC and VC were calculated based on the three 
bulk density scenarios.  Three groups of FC and VC are listed in Table 16. 
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Table 16 Bulk density of corn stover and Miscanthus. 
Biomass FC ($/Mg) VC ($/Mg-km) 
Corn stover 
5.76 0.16 
7.09 0.19 
9.54 0.26 
Miscanthus 
5.53 0.15 
5.93 0.16 
7.54 0.21 
 
5.2.5 BIOMASS INCENTIVES 
For corn stover and Miscanthus production, the incentive is called risk premium 
which is the economic compensation that paid to farmers to shift production from a cereal 
crop to an energy crop (Clancy et al., 2008).  In Chapter 4, the incentive paid to 
Midscanthis and corn stover producer is $10/Mg ($54.36/ha) and $8/Mg ($43.49/ha).  In 
this study, $10/Mg (54.36/ha), $20/Mg ($108.72/ha) and $30/Mg ($163.08/ha), are 
assumed to conduct the sensitivity analysis.  The three assumed values of incentive are 
listed in Table 17.  In addition, all the scenarios are tabulated in Appendix. B 
Table 17 Incentives of corn stover and Miscanthus. 
Biomass Incentives $/Mg ($/ha) Reference 
Corn stover and 
Miscanthus 
10 (54.36) Clancy et al., 2008 
20 (108.72) Assumption 
30 (163.08) Assumption 
 
 
 
73 
 
5.3 RESULTS AND DISCUSSION 
Figure 11 shows the UEPC (corn stover as feedstock) as a function of plant size 
under three different bulk density scenarios.  The participation of biomass producers are 
based on normal distribution and the maximum values of AUF are set as 0.3.  Three pairs 
of fixed cost and variable cost values are determined based on three bulk density values 
for corn stover (87 Kg/m3, 117 Kg/m3, and 144 Kg/m3).  The result in Figure 11 shows 
that the optimal plant size range is 3,850 Mg/day ~ 4,170 Mg/day, 4,500 Mg/day ~ 4,800 
Mg/day, and 5,130 Mg/day ~ 5,430 Mg/day respectively.  The dotted curve labeled with 
117kg/m3 illustrates the baseline of UEPCs.  Compared to the baseline, higher bulk 
density determines lower unit transportation cost which has less serious diseconomies of 
scale effect; lower bulk density determines higher unit transportation cost which has more 
serious diseconomies of scale effect.                                          
Figure 12 shows the UEPC (Miscanthus as feedstock) as a function of plant size 
under three different bulk density scenarios.  The participation of biomass producers are 
based on normal distribution and the maximum values of AUF are set as 0.3.   Three pair 
of fixed cost and variable cost values are determined based on three bulk density values 
for Miscanthus (150 Kg/m3, 140 Kg/m3, and 130 Kg/m3).  Under the contract pricing 
method, the result in Figure 12 shows that the optimal plant size range is 10,700 Mg/day 
~ 12,500Mg/day, 9,800 Mg/day ~12,000 Mg/day, 9,800 Mg/day ~12,000 Mg/day 
respectively.  Similarly, the dotted curve labeled with 140kg/m3 illustrates the baseline of 
UEPCs.  Compared to the baseline, higher bulk density determines lower unit 
transportation cost which has less serious diseconomies of scale effect; lower bulk 
density determines higher unit transportation cost which has more serious diseconomies 
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of scale effect.  Compared to refineries using corn stover as feedstocks, the impact of 
diseconomies of scale effect on Miscanthus refinery is less due to the high yield of 
Miscanthus.  
 
 
Figure 11  UEPC vs. plant size for corn stover refinery associate with normal 
distribution, contract pricing method, AUFmax (0.3), and Equation (9). 
 
 
 
Figure 12  UEPC vs. plant size for Miscanthus ethanol associate with normal 
distribution, contract pricing method, AUFmax (0.3), and Equation (10). 
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The total biomass feedstock cost, which includes production cost and 
transportation cost, accounts for the largest part of bio-refinery operating costs.  It is not 
practical to change the feedstock production cost which is determined by farmers’ 
farming operation cost, but the fixed and variable transportation cost coefficients can be 
adjusted to moderate the biomass feedstock cost.  Figure 13 shows the UEPC (corn stover 
as feedstock) as a function of plant size under three different scenarios of transportation 
coefficients.  The participation of biomass producers are based on normal distribution and 
the maximum values of AUF are set as 0.3.  Three pairs of fixed cost and variable cost 
values are assumed.  Under the contract pricing method, the result in Figure 13 shows 
that the optimal plant size range is 3,700 Mg/day ~ 4,000 Mg/day, 4,300 Mg/day ~ 4,600 
Mg/day, and 5,100 Mg/day ~ 5,400 Mg/day respectively.   
 
 
Figure 13  UEPC vs. plant size for corn stover ethanol associate with normal 
distribution, contract pricing method, AUFmax (0.3), and Equation (9). 
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The feedstock cost has a close relationship with the transportation coefficients 
which has a direct effect on the economies of scale of refineries.  For the baseline, FC 
was assumed as $6.449/Mg and VC was assumed as $0.177/Mg, the optimal plant size 
range is 4,500 Mg/day ~ 4,800 Mg/day.  Compared to the baseline, higher transportation 
coefficients determine higher unit transportation cost which has more serious 
diseconomies of scale effect; lower transportation coefficients determine lower unit 
transportation cost which is impacted less by diseconomies of scale effect.   The lower 
transportation coefficients have larger optimal plant size and lower UEPC.  
Figure 14 shows the UEPC (Miscanthus as feedstock) as a function of plant size 
under three different scenarios of transportation coefficients.  The participation of 
biomass producers are based on normal distribution and the maximum values of AUF are 
set as 0.3.   Three pairs of fixed cost and variable cost values are assumed.  Under the 
contract pricing method, the result in Figure 14 shows that the optimal plant size range is 
8,100 Mg/day ~ 9,800 Mg/day, 8,900 Mg/day ~ 10,700 Mg/day, and 9,800 ~ 11,500 
Mg/day respectively.  For the baseline, FC was assumed as $5.39/Mg and VC was 
assumed as $0.148/Mg, the optimal plant size range is 9,800 Mg/day ~ 11,500 Mg/day.  
Similarly, compared to the baseline, higher transportation coefficients determine higher 
unit transportation cost and the impact of diseconomies of scale effect is greater; lower 
transportation coefficients determine lower unit transportation cost which is impacted less 
by diseconomies of scale effect.   Compared to refineries using corn stover as feedstocks, 
Miscanthus ethanol refinery is impacted by diseconomies of scale effect less due to the 
high yield of Miscanthus.       
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Figure 14  UEPC vs. plant size for Miscanthus ethanol associate with normal distribution, 
contract pricing method, AUFmax (0.3), and Equation (10). 
  
 To study how FC and VC affect the fuel ethanol production cost more intensively, 
we assumed a bio-refinery that consumes corn stover (feedstock) 4000 Mg/day.  In 
Figure 15, when the VC value was fixed as $0.1772/Mg-Km, the solid line (UEPC VS. 
FC) illustrates how UEPC varies linearly with fixed cost coefficient (FC) which has an 
intercept of 0.4196 and a slope of 0.0026 indicating that the production cost is not 
sensitive to the fixed cost coefficient (FC).  When the FC value was fixed as $6.449/Mg 
(see Figure 16), the solid line (UEPC VS. VC) illustrates how UEPC varies linearly with 
variable cost coefficient (VC), which has an intercept of 0.4014 and a slope of 0.1966, 
indicating that the production cost is much more sensitive to the variable cost coefficient 
(VC) compared to the fixed cost coefficient (FC).  
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Figure 15  UEPC vs. FC for corn stover ethanol with normal distribution. 
 
Figure 16  UEPC vs. VC for corn stover ethanol with normal distribution. 
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Figure 17 demonstrates the fuel ethanol production cost under different incentives 
per metric ton that biomass feedstock producer received.  It is assumed that the AUFmax is 
set as 0.3, and the transportation cost coefficients are set as the same as figure 11.  For 
ethanol refineries using corn stover as feedstock, the incentive was assumed as $8/Mg at 
the baseline, the optimal plant size is from 4,500 Mg/day to 4,800 Mg/day.  In all of the 
three cases, the optimal plant sizes are kept as constant.  When the incentive is $20/Mg, 
the UEPC is $0.0258/liter more than the case that incentive is $10/Mg;  similarly, the 
UEPC will be increased by $0.0516 liter-1 when the incentives increase from $10/Mg to 
$30/Mg.  Figure 17 verify that the UEPC is sensitive to the amount of incentive given to 
the biomass producer since feedstock cost is the most significant part of fuel ethanol 
operating cost, and the incentives is one part of total feedstock cost. 
 
Figure 17  UEPC vs. plant size for comparison of different incentives associate 
with normal distribution, contract pricing method, AUFmax (0.3), and Equation (9). 
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5.4 CONCLUSION 
The unit ethanol production cost of fuel ethanol has a close relationship with the 
feedstock cost.  It has a great implication to explore how these factors, such as feedstock 
bulk densities, transportation cost coefficients and incentives, affect the bio-refinery 
operation cost.  The result quantifies the UEPC difference led by biomass bulk densities, 
transportation coefficients and paid incentives.  This study illustrates the relationship 
among Unit Ethanol Production Cost, feedstock bulk densities and transportation 
coefficients which gives ethanol producer a sense that how densification reduce the 
shipping cost of bulky biomass.  Both of bulk densities and transportation coefficients 
have diseconomies effect because they not only affect UEPC but also change the optimal 
plant size of refineries.  However, feedstock incentive does not have the effect on 
economies of scale for refineries since the optimal plant size is constant no matter how 
much incentive paid to farmers.  The investigation of this study could give a great 
reference to reduce the fuel ethanol production cost and expedite the commercialization 
process of cellulosic ethanol production.  
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CHAPTER 6 PLANT SITE LOCATION IN ILLINOIS 
 
A multi-criteria decision analysis method was used for determining optimal 
ethanol bio-refinery site locations.  Choosing a place to build a plant is a complicated 
process impacted by various factors.  The purpose of this chapter is to elucidate the 
important factors in site location, determine the weighting of each factor and present base 
case scenarios.   The Illinois’ Sangamon and Kaskaskia river watersheds were employed 
as study regions for ethanol plant site selection analysis.  The size of each grid 
component was set as 1.6Km x 1.6 Km (1mile ×1 mile) for the whole watershed area.  
Every factor has a corresponding shape file in which was allocated a weight value based 
on its contribution to the overall selection.  These selection criteria were set according to 
the availability of feedstock, corn basis, accessibility to transportation facility, and the 
water rate.  The results were standardized with a range from 1 (poor) to 70(very good).  A 
stepwise analysis was required to rank the locations.   
6.1 INTRODUCTION 
Fuel ethanol has been widely used as a preferred alternative fuel for gasoline.  In 
the United States, most cars are running on 10 %vol ethanol blended with gasoline (E10) 
(Flavin et al., 2006) and recently E15 has been approved for use in model year (MY) 
2001 and newer light-duty vehicles (Slating and Kesan, 2011).  In the near future, the 
domestic fuel ethanol demand will increase extensively.  However, the challenge of fuel 
ethanol industry is that the product is not as competitive as oil product without subsidies 
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from federal and local government.  Especially for the cellulosic ethanol industry, the 
production cost remains extraordinary high and there is no commercialized plant 
operating in the world.  To build a new plant, the selection of optimal potential site is the 
most significant factor to be considered because the facility decisions involve high capital 
investment and long-term commitments.  The ideal site selection could greatly reduce the 
risk of high investment.   
Regarding plant location studies, Geographical Information System (GIS) has 
been used for spatial data analysis supporting location studies since the 1970s (Church, 
2002).  Durfee (1974) developed a GIS system tool which is used to predict and assess 
the ecological impact of actions within a study region.  In 1979, Dobson presented and 
discussed the results of a research project which quantified the suitability of alternative 
site selection by using an automated regional screening procedure (Dobson, 1979).  In 
Dobson’s study, multiple sets of criteria were defined to compare different opinions and 
perspectives on facility siting.  These criteria can be categorized into several fields, such 
as engineering, sociology, and so on, which makes the result less accurate.  This research 
only considers these economy-related criteria in order to make the metric normalization 
easier and the outcome more reliable. 
In past years, grid method analysis has been widely employed in determining the 
most suitable sites for factory location.  Hobbs (1980) compared two weighting methods 
in a siting study of power plants.  The results derived from the two methods differ 
significantly suggesting that the success of plant placement greatly depends on the chosen 
weighting method.  In 1989, Banai-Kashani introduced the analytic hierarchy process 
(AHP) which is a method to rate the significance of factors in site suitability analysis.  
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This study suggested that APH can be used in complicated challenging site selection 
processes (Banai-Kashani, 1989).  Malczewski (2006) developed a multi-criteria 
evaluation procedure for the GIS-based land suitability analysis and successfully applied 
it in a region of Mexico.  The ordered weighted averaging (OWA) has a mechanism 
which is used to help the decision maker conduct analysis  by facilitating the examination 
of the relationships between various evaluation criteria (Malczewski, 2006).   
With the promotion of fuel ethanol development, GIS has also been adopted in the 
fuel ethanol industries in recent years.  Ravula (2007) conducted the facility location and 
production area analysis for a biomass to ethanol conversion plant.  The traveling time is 
calculated to determine the location of the processing plant and also the procurement 
problems are considered (Ravula, 2007).  In 2009, Wilson built a software package, 
BIOFLAME (Biofuels Facility Location Analysis Modeling Endeavor), which is used for 
identifying the ideal cellulosic ethanol biorefinery location by minimizing the 
transportation and farm gate costs which is the net value of product when it leaves the 
farm.  In this software, users pick from the tasks using interface: study area selection, 
suitability analysis, feedstock analysis, and facility siting (Wilson, 2009).  Both of Ravula 
and Wilson’s research on the suitability of plants are based on the minimized 
transportation cost and did not consider other economic factors.  Haddad (2010) 
employed probit regressions to examine the relative importance of several location 
factors for the corn ethanol industry in the Midwest corn belt.  Haddad concluded that 
feedstock supply has the highest impact such that producers are encouraged to locate 
plants in close proximity to the feedstock source (Haddad et al., 2010).  Her study is 
focused on examining the significance of siting factors rather than the suitability analysis.  
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In my research, the candidate refinery location will be determined by evaluating various 
economy-related factors. 
In the production of corn ethanol, the cost of feedstock is a major plant input cost. 
The result of a sensitivity analysis shows that the cost of corn greatly impacts the ethanol 
production cost (Kwiatkowski et al., 2006).  The transportation cost contributes to the 
total delivered corn cost and thus has direct impact on the operating cost.  Ideal refinery 
plant site can reduce the budget for feedstock procurement thus increases the 
competitiveness.   
The capital cost associated with the cellulosic ethanol industries is several times 
greater than the corn ethanol industries, which greatly intensifies the importance of 
deciding plant location.  Making decisions is not easy because several criteria need to be 
considered and evaluated.  Most previous research is based on Weber’s Least Cost 
Theory (Weber, 1929; Wilson, 2009).  With respect to this specific industry, there is a 
risk in making the siting decision by only taking into account economic factors.  The 
optimal plant size and location of ethanol facilities are also constrained by government 
policy, natural resource accessibility, environmental impacts and etc.  
Figure 18 shows the study regions, Sangamon watershed and Kaskaskia 
watershed, for this research. These two areas are selected because my study is one part of 
National Science Foundation (NSF) Emerging Frontiers in Research and Innovation 
(EFRI) project and the two watersheds were set as study region for easy collaboration 
among research groups.  The purpose of this chapter is to analyze the effect of each factor 
or constraints on facility site location which will provide a valuable reference for the 
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decision making.  In the study region of Sangamon and Kaskaskia Watershed, the 
potential site locations for cellulosic and corn ethanol refineries will be determined 
through examining the relative significance of location factors. 
 
Figure 18  Sangamon and Kaskaskia watersheds. 
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6.2 METHODOLOGY AND PROCEDURE 
Location studies were used to analyze the citing decisions of ethanol plant 
investment. The ethanol, especially cellulosic ethanol, industry is assumed as feedstock 
oriented since corn and biomass represents a big share of total production costs (Aden et 
al., 2002; EIA, 2002; Haddad et al., 2010) Another important supply is water which is 
used in processing and cooling (Aden, 2007).  These above literatures helps to choose 
several siting factors: feedstock supply, feedstock price, corn basis, distance to interstate 
highway, distance to railway and water rate (cost).  All of above factors are related to 
feedstock and water supply.  A multi-criteria decision analysis method (Lootsma, 1999) 
was adopted to determine the optimal bio-refinery site location in this study.  The 
resolution was set as 1.6 x 1.6 Km (1×1 mile) for Sangamon and Kaskaskia watersheds.  
Every factor has a corresponding shape file which was assigned a weight value based on 
its contribution to the overall selection.  To increase the scaling resolution by 10 times, 
the relevant metric for each selection criterion was normalized to numbers ranged from 
“0” to “70”.  In order to account for the significance and favorability of each siting 
criterion, relevant weight values are employed.  These weight numbers are normalized so 
that they sum up to 1.  To evaluate the overall performance of the alternative location 
factors, the final grades ( ig ) are calculated according to Equation (15).  The highest final 
grade is supposed to designate the most favorable candidate location.  The corresponding 
weight values are shown in Table 18.   
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                                    1
( )ki i iig w f x                                                             (15) 
Where 0iw   for all 1, ,i k   and, 
1
1k ii w  .  
 
Feedstock is the most significant factor determining the suitability of candidate 
plant sites for both of corn and cellulosic ethanol production.  Corn and corn stover are 
two main feedstocks analyzed in the project.  Since the grain/stover ratio is 
approximately 1:1 (Petrolia, 2009), the corn yield data can also be used for stover ethanol 
analysis.  The difference existing in these two kinds of refinery location is the impact of 
corn basis.  For corn ethanol plant, the weight value is 25% which is the second most 
significant siting criterion.  For cellulosic ethanol plant, the weight value is only 12% due 
to the indirect impact of corn basis on stover price and availability. 
  Table 18   Siting criteria weight numbers. 
 
Type Feedstock Corn basis Interstate Railway Water rate 
Corn ethanol 35% 25% 18% 12% 10% 
Cellulosic 
ethanol 
35% 12% 25% 18% 10% 
 
Feedstock cost accounts for the biggest part in the whole process of fuel ethanol 
production:  31% in the ethanol production using corn stover (Aden et al., 2002) and 57% 
for corn ethanol (EIA2002).  The yield can really determine the total production cost 
because the high yield can greatly reduce the procurement area and harvesting cost.  The 
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score for highest yield range is assigned with “70” indicating the most favorable 
candidate site.  In this study, the feedstock yield data is attained from the website of 
United States Department of Agriculture (USDA) National Agricultural Statistics Service 
(NASS) (USDA-NASS, 2011). 
Corn basis, which is calculated by local cash price minus future price, also has 
great impacts on the ethanol production cost and is a significant criterion for corn 
ethanol refinery siting.  It is evident that the feedstock cost for corn ethanol is greatly 
determined by the corn local cash price.  Concerning cellulosic ethanol produced from 
corn stover, low corn prices are also a driving force attracting farmers to participate the 
program because the income from corn stover selling can offset their loss to some extent 
due to the low corn local cash price.  The local corn cash price data is provided from 
(USDA-NASS, 2011) and the future price data is attained from Chicago Board of Trade 
(CBOT, 2011). 
In the Sangamon and Kaskaskia watershed, semi-trailer trucking and railway 
systems are the dominating transportation modes. With regard to the accessibility to 
interstate highway and railway system, high scores are given to sites near the express way 
and railway. Truck transportation is more economical for short distances, while the rail 
transport becomes appropriate when the shipping distance is long enough because the 
higher fixed cost will be offset by the low variable cost. The shape files of Illinois 
Interstate highway and railway system is downloaded from Illinois Department of 
Transportation (IDOT, 2011) website.  
Water rate is another significant factor to be considered. Water rate is the cost for 
water usage. Water charges reflect the water supply (quantity) and quality in local area.  
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Since fuel ethanol is the one of the most water consuming industries, three to four gallons 
of water are required to produce one gallon ethanol from corn (Aden, 2007).  For 
cellulosic ethanol production, the number will be increased to six (Aden, 2007). In this 
study, the metrics are set up based on the water rate (price).  The county-level data is 
available from Illinois State Water Survey (ISWS) (Dziegielewski et al., 2004). 
6.3 RESULT AND DISCUSSION 
The score of each grid in Sangamon and Kaskaskia watersheds for ethanol 
refinery site selection is shown in the following figures (Figure 19-22) using the same 
siting criteria with different weight number settings.  Before conducting the suitability 
analysis, all the municipality areas (Springfield, Bloomington, Decatur and etc) are 
excluded from the maps.  A variety of colors represent the suitability of grids where to 
build a new ethanol plant.  These colors, from light to dark and denoted by numbers from 
“20” to “70”, show the suitability analysis result of candidate locations based on which 
investors make a good siting decision.  The larger numbers mean the higher score and 
better suitability of the candidate location.  In these figures, the grids with dark blue color 
represent the potential locations that have the best suitability for building new refinery 
facilities.   
For ethanol refineries using corn as feedstock, the feedstock availability and corn 
basis are the first two most important factors affecting the final decision.  In this case, the 
final score for each grid is ranged from “22.7” to “69.4”.  Figure 19 illustrates the 
distribution of most suitable candidate grids (scores ranged from “58” to “69.4”) 
revealing that the total number is 174 and most of them are located in northeast and 
 
 
90 
 
southwest part of the watershed.  For corn ethanol study, 300 unfavorable grids, located 
in Mason and Christian county, are labeled light yellow because of relatively low 
feedstock availability and high corn basis.  For ethanol refineries using corn stover as 
feedstock, the final scores are ranged from “21.4” to “69.3”.  In Figure 20, the most 
suitable candidate grids (scores ranged from “58” to “69.3”) are increased to 183 and 
most of them are located in the north and southwest part of the watershed.  For corn 
ethanol study, 319 unfavorable grids, located in southwest and southeast part of this area, 
are labeled light yellow because of relatively low feedstock availability.  
 
 
 
Figure 19  Scored grids in Sangamon watershed (corn ethanol). 
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Figure 20   Scored grids in Sangamon watershed (corn stover ethanol). 
In Kaskaskia watershed, the final scores of each grid are ranged from “20.72” to 
“63.39”.  Compared to Sangamon watershed, most of Kaskaskia watershed scenarios lack 
of top candidate grids scored close to “70” since the corn yield and production are less 
than Sangamon watershed area.  For ethanol refineries using corn as feedstock, the 
feedstock availability and corn basis are the first two most important factors affecting the 
final decision.  In this case, final scores for each grid are ranged from “20.72” to “62.61”.  
Figure 21 illustrates the distribution of most suitable candidate grids (scores ranged from 
“58” to “62.61”) revealing that the total number is 99 and most of them are located in 
northeast and central part of the watershed.  For corn ethanol study, 545 unfavorable 
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grids, located in Shelby, bond, Clinton, Monroe and Randolph counties, are labeled light 
yellow because of relatively low feedstock availability and high corn basis.  For ethanol 
refineries using corn stover as feedstock, the final scores are ranged from “21.06” to 
“63.39”.  In Figure 22, the most suitable candidate grids (scores ranged from “58” to 
“63.39”) are increased to 218 and most of them are located in the northeast and central 
part of the watershed.  For corn ethanol study, 555 unfavorable grids, located in Moultrie, 
Shelby, Bond, Clinton, Monroe and Randolph counties, are labeled light yellow color 
because of relatively low feedstock availability. 
 
 
 
Figure 21  Scored grids in Kaskaskia watershed (corn ethanol). 
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Figure 22  Scored grids in Kaskaskia watershed (corn stover ethanol). 
 
6.4 CONCLUSION 
A GIS system was employed to facilitate the optimal site selection for fuel 
ethanol refineries.  The suitability analysis actively sought to give high score to the grids 
with low cost and high yield of feedstock, sufficient high-quality water supply and easy 
access to interstate express way system.  The final grade for each grid unit (1mile × 
1mile) reflects a compromise between various siting criteria.  The results illustrate the 
influence of each factor on the unit grids.  Since Sangamon watershed has more corn 
production and yield than Kaskaskia watershed, the ethanol refinery candidate grids 
located in Sangamon have higher scores than Kakaskia candidate grids.  Future research 
will conduct sensitivity analysis to see how the optimal grids changed as the weighting 
scenario is reformulated.    
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CHAPTER 7 LOCATION STUDIES FOR ETHANOL REFINERIES 
 
This Chapter is built on the result previously developed and discussed in Chapter 
6. The key result of last chapter shows the suitability for each grid in Sangamon and 
Kaskaskia watershed. Setting the top grids (183 out of 5546) as new refinery location 
candidates, a mixed-integer programming model was built to determine optimal locations 
with optimal plant size. In this study, single- and multi- plant siting in Sangamon 
watershed will be compared. 
7.1 INTRODUCTION 
The Renewable Fuel Standard Program, created by United States Environmental 
Protection Agency, mandates 136.26 billion litter (36 billion gallon) renewable fuel be 
blended into transportation fuel (Government, 2007). Fuel ethanol can be produced from 
biomass feedstocks, such as energy crops, crop residues, and etc, which could solve Fuel 
VS. Food issues and reduced greenhouse gas emissions. The industrial commercialization 
for cellulosic ethanol production greatly depends on the transportation cost of raw 
materials and the feedstock cost accounts for a significant part of total production costs 
(Aden etal., 2002; Zhan et al., 2005). It is difficult and challenging to handle and ship 
bulky biomass feedstock from crop fields to refineries. The feedstock cost depends to a 
large extent on procurement method, the facility size and location.  There is a great 
spatial variation in feedstock availability and procurement expenditure (Noon et al., 
2002).  In order to support cellulosic ethanol production program, corn stover is 
designated as the mail feedstock for ethanol refineries at this study. Compared to corn, 
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corn stover has lower bulk density and high volume which makes that the profitability of 
ethanol refinery is very sensitive to the transportation costs affected by transportation 
modes and shipping distance. Once the ethanol plant is built, it will serve the location 
area for a long period and is difficult to move to other place since cellulosic ethanol 
industry is more capital intensive. So that the location of plant could be a critical factor 
for commercial success. 
In the previous chapter, multi-criteria method was conducted to evaluate each unit 
grid (1.6 km x 1.6 km) and only top-score grid will be selected as candidate locations for 
optimal plant site. To locate the optimal plant site, the rest of work will be focused on the 
development of a optimization model in purpose of minimizing feedstock procurement 
costs. In 2012, Ma and Eckhoff assumed two pricing methods, commodity pricing 
method and contract pricing method, for biomass feedstock procurement (Ma and 
Eckhoff, 2012) since there is no formal biomass market for large-scale ethanol 
production. They also compared these two methods in terms of Unit Ethanol Production 
Cost (UEPC) and concluded that the contract pricing method is more profitable (Ma and 
Eckhoff, 2012). The contract pricing method is also employed in this study, the ethanol 
facility pay their own shipping cost of biomass producers. Since there is no big spatial 
variations for capital costs, the main determinant factor for the optimization of plant 
location is transportation cost of biomass feedstock. 
The goal of this study is to describe and implement a mixed integer programming 
model to identify and locate the optimal plant site by minimizing the transportation cost.  
General Algebraic Modeling System (GAMS) is adopted to implement the mathematical 
model and ArcGIS is used to illustrate the running result. Depending on the fuel ethanol 
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demand, single- and multi- plant location siting scenarios will be analyzed and compared 
in Sangamon watershed. The running results will help policy makers and ethanol 
producers to make right decision for siting new ethanol plants. 
7.2 METHODOLOGY AND PROCEDURE 
Setting Sangamon watershed (see figure 23), which has been divided into more 
than 5000 grid cells (e.g., cells representing 2.59 km2 (1 mile2)), as the study region 
under consideration, the optimal locations of biorefineries will be determined among top 
grids (figure 24). The centroid of each top grid is assumed as the candidate location. For 
the feedstock procurement, the whole Illinois state (figure 25) has been divided into grids 
(e.g., cells representing 100 km2) which represent feedstock supply points. The unit of the 
availability of biomass feedstock is Mg/day.  Figure 24 shows the spatial distribution of 
grids (183 out of 5546) with high location scores, which was set as the promising 
candidate locations for new refineries, in Sangamon watershed. The assessment of 
suitability of each grid involves the consideration of several factors such as raw material 
availability, access to the highway and railway system, corn basis and water rate. The 
relative significance of these factors in the process of decision making is determined by 
the type of feedstock used for the ethanol production. In this case study, corn stover was 
considered as the feedstock. The suitability of each grid was quantified by final scores 
through multi-criteria decision analysis in last chapter. In this study, the mixed-integer 
programming model was applied to site the optimal plant location among these candidate 
grids showed in Figure 24. 
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Figure 23 Study region for plant size selection.
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Figure 24 Spatial distribution of top grids in Sangamon watershed (corn stover). 
The other input is the corn stover production at each supply point (Figure 25). 
Based on 1:1 ratio of corn stover to grain, the corn stover production data were derived 
from the county-level corn production data for the whole state. The 5-year average Data 
chart, refers to corn production from 2006 to 2010, is in Appendix B. (USDA-NASS). To 
calculate the maximum feedstock supply for each supply point (farm), Equation (16) will 
be used. The operating days for typical ethanol refinery is 350 days (Aden et al., 2002) 
which is used to calculate the feedstock supply in Mg per day for each farm. The 
maximum feedstock supply data is tabulated in Appendix C.  
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                                   (16) 
 
Where:  
 
ܵ= Maximum feedstock supply from farm ݂	 to refinery ݎ. 
  = Unit value of corn shipping cost from farm  to refinery  
 = Quantity of corn stover transported from farm  to refinery  
 
The amount of corn stover removed from crop lands significantly affects agricultural 
sustainability such as water conservation and nutrient availability (Lindwall et al., 1994). 
One of the negative impacts of high corn stover collection rate is soil erosion which is a 
major concern in the perspective of environment (Wilhelm et al., 2004). Crop residues 
have been usually kept as land cover to improve physical properties and prevent crop 
land from water and wind erosion (Petrolia, 2009). Based on studies of sustainable corn 
stover collection which has an impact ot soil erosion, the maximum collection rate can be 
up to 70% (Glassner et al., 1998). A critical factor to measure the ability of soils’ 
resistance to erosion is soil erodibility, which is defined based on the physical properties 
of each kind of soils (Bruce-Okine and Lal, 1975). 
 
frT f r
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fr
S T X
 
 
100 
 
 
 
Figure 25 Spatial distribution of feedstock supply points (1464) and feedstock yield in 
Illinois.
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For the whole study region of Illinois state, the SSURGO (Soil Survey 
Geographic Database) soil erodibility data, illustrated in Figure 26, was downloaded from 
Natural Resources Conservation Service (NRCS)-National Cartography and Geospatial 
Center (NCGC). Soil erodibility “quantifies soil detachment by runoff and raindrop 
impact” (USDA-NSSH). The higher the soil erodibility values, the the lower resistance of 
soil to erosion. In this study, the upper limit for corn stover collection rate is set as 70% 
when the soil erodibility is 0. When the value of soil erodibility goes up to 0.55 
(maximum), the collection rate decreases to 30% which is the lower limit. Based on the 
linear relationship, the corresponding collection rate for cropland, the soil erodibility 
values of which are between 0 with 0.55, is derived based on Equation (17). For each unit 
of procurement area, the relevant corn stover yield can be calculated. To see how Area 
Utilization Factor affects the location study and procurement area, three AUF senerios: 
40%, 50% and 60%, will be investigated. The corn stover availability for ethanol 
production can be easily calculated based on Equation (18).  
 
																																ܥ௙ ൌ 0.7 െ 0.727ܧ௙	          (17) 
Where: 
ܥ௙ ൌCorn stover collection rate in farm	݂. 
ܧ௙ ൌSoil Erodibility in farm ݂. 
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                                        ௙ܷ ൌ ௙ܵߜ௙ܥ௙                                                     (18)	
Where: 
௙ܷ = Corn stover availability in farm f . 
௙ܵ	= Maximum feedstock supply from farm f. 
ߜ௙= Area Utilization Factor at farm f. 
ܥ௙ = Corn stover collection rate in farm f . 
 
Figure 26 Spatial distribution of soil erodibility in Illinois. 
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The problem of calculating per unit transportation cost ($/Mg) is determined by 
the origin-destination (OD) cost matrix. A unit transportation cost ( ௙ܶ௥ ) can be calculated 
between two grids,  f  and  r. The relevant transportation coefficients for corn stover 
havebeen derived based on its bulk densities (Ma and Eckhoff, 2012).  
There are 1464 supply points, which are the centroid of each grid distributed in the whole 
state and 183 demand points representing a total of 183 candidate locations for new 
refineries. To compute the distance from supply points to demand points, the Illinois 
highway network shapefile has been used to cover the whole study region. Using ArcGIS 
Network Analyst toolbox, the shortest routes can be easily determined between any 
origins and destinations. The OD cost matrix has 1464×183 distance data. 
Correspondingly, the per unit transportation cost is calculated for each route that is from 
farm to candidate location of refinery r. 
The economies of scale analysis has been conducted to determine the optimal 
plant size for cellulosic ethanol production by Ma and Eckhoff (2012). Addressing trade-
offs between large facilities that benefit from economies of scale and longer shipping 
distance as the procurement area expand, the optimal plant size for corn stover refinery 
with lowest unit ethanol production cost is 5874 Mg/day (Ma and Eckhoff, 2012). The 
optimization model developed in this study is based on the above research findings. 
Based on the per unit transportation cost from corn stover supply points to new 
refinery candidate locations, the model aims to minimize the whole system budget 
spending on the feedstock shipment. The cost minimization model in GAMS is used to 
determine the least-cost transportation and feedstock supply source for selected new plant 
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locations. To build the mathematical-programming model, the relevant indices were 
defined in Table 19. Then the objective function and constraint functions were 
formulated. 
Table 19  Indices used for the optimization model. 
Subscript name Definition Number 
 Farms Corn stover supply 1464 
Refineries Corn demand 183 
 Corn stover 
transport 
Shipped from farms to refineries 1464×183 
 
The objective function was defined to minimize the total value of corn stover 
shipping cost: 
Minimize          ∑ ௙ܶ௥௙ ∑ ௙ܺ௥௥                (19) 
Where: 
 = Total shipping cost of corn stover from farm  to refinery  
  = Unit value of corn shipping cost from farm  to refinery , which is 
calculated based on Equation (9), the fixed cost is $6.449/Mg and the variable cost is 
$0.1772/Mg-km. 
 = Quantity of corn stover transported from farm  to refinery  
The objective function for this model was optimized subject to the following 
constraints.  First, the total corn shipped from farm  has to be less than or equal to its 
maximum yield .  Second, the total corn shipped to refinery  has to be equal to its 
f
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capacity .  Third, making sure the values of corn stover flow  are all positive 
because the feedstock cannot be shipped in reverse direction.  The objective function is 
subject to the following constraints: 
          (20) 
Where  if the yield of farm . 
     (21) 
Where 
  is the capacity of refinery . 
 is 1 if an ethanol refinery is built at location ;  is 0 if location  is 
not selected to build a new refinery 
                                                                     (22)
 
Where  is the number of new refineries built to meet the fuel ethanol 
demand. 
                                                                    (23) 
Where  is the amount of corn stover transported from farm  to refinery . 
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7.3 RESULT AND DISCUSSION 
 
The number of farms participate in the study region to meet demand at new 
refineries is a function of AUF and corn stover yield. Increasing AUF increases the corn 
stover availability being sold for ethanol production. This increase in corn stover 
production decreases the number of farms in the refinery procurement area (Table 20). In 
this analysis for scenarios one (only one refinery needed to be determined), only 109 
farms are needed to meet the demand of the refinery (r178) when the AUF is set as 60%. 
When AUF value decreases to 40%, the refinery (r178) can consume feedstock supplies 
provided from 168 farms. This analysis is also validated by 2-refinery and 3-refinery 
scenarios. 
Table 20  Optimization result for 3 scenarios: r is the index of 183 condidate grids; the 
value of farm numbers indicate how many farms provided the feedstock.  
 
AUF 40% 50% 60% 
1 refinery r (NO.) 178 178 178 farm numbers 169 133 109 
2 refineries 
r (NO.) 106 106 142 
farm numbers 211 158 119 
r (NO.) 180 180 180 
farm numbers 173 135 113 
3 refineries 
r (NO.) 115 10 37 
farm numbers 231 229 169 
r (NO.) 176 135 136 
farm numbers 163 138 113 
r (NO.) 183 180 180 
farm numbers 184 140 114 
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Figure 27-29 show the optimal locations and procurement area for 3 different 
scenarios with AUF ranged from 40% to 60%. These figures illustrate the result as 
expected: the selected candidate refineries are located in these grids of Sangamon 
watershed where (1) plant locations are close to procurement area with high corn stover 
availability, (2) plant locations are close enough to highway system, and (3) multiple 
plant locations are located at the trade-off points with less competition and in close 
proximity to major feedstock supply areas. 
 
 
 
Figure 27 Optimal locations (AUF=40%). 
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Figure 28  Optimal locations (AUF=50%). 
 
 
 
 
 
 
 
Figure 29  Optimal locations (AUF=60%). 
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7.4 CONCLUSION 
 
Setting top grids as candidate refinery locations, the mathematical programming 
model was used to determine the optimal locations. For single plant site selection, it needs 
168 supplying farms; for 2- and 3- plant site selection, the number of supplying farms 
increases by 130% and 242%. From the procurement region, it is found that the number of 
supply farms will be increased to more than 2 and 3 times when the refinery number 
increases from 1 to 2 and 3. Furthermore, the lower the Area Utilization Factor (AUF), the 
more supplying farms will be demanded for either single- or multi- plant location study. In 
the future, nonlinear programming model could be formulated to consider the variable AUF 
with the distance to refineries. In addition, existed competitions should be considered in the 
whole process, in another word, how to quantify the impact of located refinery to the score of 
neighboring grids.
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CHAPTER 8 SUMMARY AND FUTURE WORK 
8.1 SUMMARY 
The promotion of development of ethanol from lignocellulosic feedstocks to 
replace part of conventional transportation fossil fuels is confronted with great 
challenges.  To better understand bottlenecks to commercializing cellulosic ethanol, an 
engineering process and cost model was developed for a lignocellulosic biomass to 
ethanol process plant utilizing dilute acid prehydrolysis and enzymatic hydrolysis.  
Currently, Computer Aided Process Design (CAPD) tools have been widely used for 
processing companies which facilitates the design and new product development 
extensively.  The commercial software package, SuperPro Designer®, was employed in 
this study because of low cost and its ability of dealing with batch and continuous 
operations simultaneously.  This model was used as a tool to understand the cost issues 
preventing cellulosic ethanol production from being commercialized.  The use of Monte 
Carlo simulations has led to a better understanding of relevant variance impact.  In 
addition, the 2000 Mg/day model can easily be scaled up and down by virtue of build-in 
VBA (visual basic application) functions interfacing with Microsoft excel. 
The purchase price and transportation costs of cellulosic ethanol feedstock have 
the most significant impact on the unit ethanol production cost (UEPC; Aden et al., 2002).   
To model the procurement of biomass feedstock more accurately and practically, three 
collection areas of feedstock production patterns, determined by area utilization factors 
(AUF), were proposed.  The final results show that the use of a variable AUF (normal 
distribution) scenario produced higher UEPC values and smaller optimal refinery size 
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than the use of a constant AUF (uniform distribution) scenario.   The uniform distribution 
assumption was rejected as being improbable particularly for a commodity market system.  
All scenerios for the AUF, AUFmax , and variable AUFmax resulted in a diseconomies of 
scale.  
Unlike corn, there is no large-scale commercial market available for biomass 
feedstocks.  Two potential pricing strategies for establishing a sustainable market for 
biomass were proposed: under commodity pricing strategy, biomass is purchased at a 
price offered by the refinery. Each refinery can revise its offer at any time, but the 
producers/suppliers can also sell biomass at any time. This allows the commodity price of 
biomass to vary with the supply and demand.  Under contract pricing strategy, the price 
paid to producers/suppliers is negotiated ahead of time to ensure that the refinery can 
purchase the biomass. The contract locks the producer/supplier into selling the biomass to 
the refinery, and the refinery is locked into purchasing the producer’s biomass harvest. 
This analysis suggests that biorefineries are better off employing the contract pricing 
method rather than the commodity pricing method because of the lower UEPC and 
greater profit. 
In addition, the impact of feedstock bulk densities, transportation cost and 
producer incentive on refinery economies of scale analysis was conducted.  The unit 
ethanol production cost of fuel ethanol has a close relationship with the feedstock cost.  It 
has a great implication to explore how these factors, such as feedstock bulk densities, 
transportation cost coefficients and incentives, affect the bio-refinery operation cost.  The 
result quantifies the UEPC difference led by biomass bulk densities, transportation 
coefficients and paid incentives which gives a great reference to reduce the fuel ethanol 
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production cost and expedite the commercialization process of cellulosic ethanol 
production.  Densification of biomass is a process to decrease the bulk volume and thus 
increase the bulk densities.  The result will be a good reference for choosing the 
appropriate densification technologies.  Similarly, it is also helpful to make a decision of 
choosing the most economical transportation mode and how much incentives or subsidies 
provided to biomass producers.   
Finally, a GIS system was employed to facilitate the optimal site selection for fuel 
ethanol refineries.  The suitability analysis actively sought to give high score to the grids 
with low cost and high yield of feedstock, sufficient high-quality water supply and easy 
access to interstate express way system.  The final grade for each grid unit (1.6 Km × 1.6 
Km) reflects a compromise between various siting criteria.  The results examine the 
influence of each factor on the unit grids excluding these urban areas.  Setting top grids 
as candidate refinery locations and assuming the optimal plant size based on refinery 
economies of scale study, the mathematical programming model was developed to 
determine the optimal locations.  From the perspective of specific ethanol producers, 
there is a risk to make the location decisions by only considering cost factors.  The ideal 
plant site locations are also under constraints of natural resource availabilities such as 
water supplies. 
8.2 FUTURE WORK 
Although the boilers are used to generate steam for operation of the whole process 
by utilizing lignin as solid fuel, the lignin heat conversion efficiency is still low.  If the 
steam is used to power the turbogenerator, the conversion efficiency from lignin to 
electricity will be greatly improved.  Unfortunately, the turbogenerator equipment is not 
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available at current version of SuperPro Designer.  The future version of SuperPro 
designer or other similar simulators , in which the turbogenerator or similar equipment is 
available, could be used to remodel the whole conversion process and reduce the total 
production cost. 
Three distributions of area utilization factors are formulated to model the 
participation of farmers for fuel ethanol production.  To make the model more practical, 
normal distribution was selected for the refinery economies of scale analysis because it 
behaves relatively more practical than uniform distribution and more economical than 
sine wave distribution.  However, the normal distribution may not be the ideal function to 
describe the actual biomass participation.  To make the economies of scale analysis more 
accurate, more efforts need to be put on the selection of ideal distribution functions for 
area utilization factor in the procurement area. 
For the plant site location studies for fuel ethanol refinery, the optimization model 
was developed and applied to the Sangamon watershed and State of Illinois.  Future 
research will conduct location studies for the whole Midwest.  For the determination of 
top candidate grids to build new refineries, Future research should conduct sensitivity 
analysis to see how the optimal grids changed as the weighting scenario is reformulated.  
Furthermore, existing competitions should be considered in the whole process, in another 
word, how to quantify the impact of located refinery to the score of neighboring grids.  
Existence of ethanol plants in operation reduces the credit of neighbor grids to be a new 
refinery location candidate. 
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APPENDIX A.  FLOW DIAGRAM OF BIOMASS-TO-ETHANOL PROCESS 
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APPENDIX.B  ASSUMPTIONS OF BULK DENSITY, TRANSPORTATION 
COEFFICIENTS, AND INCENTIVES FOR SENSITIVITY ANALYSIS 
Bulk 
Densities(kg/m3) Stover 
Miscanthus  Producer 
Incentives 
$/Mg($/ha) Corn Stover Miscanthus FC($/Mg) 
VC($/Mg-
Km) 
FC($/M
g) 
VC($/M
g-Km) 
87 130 5.76 
7.09 
9.54 
0.16 
0.19 
0.26 
5.53 0.15 10 (54.36) 
117 140 5.93 0.16 20(108.72) 
144 150 7.54 0.21 30(163.08) 
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APPENDIX.C  ILLINOIS CORN PRODUCTION BY COUNTIES (BU) 
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APPENDIX.D  ILLINOIS CORN PRODUCTION BY COUNTIES (MG/DAY) 
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